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Abstract

Tympanic membrane perforation (TMP) is one of the most common conditions in
otology. If left untreated, TMP can result in recurrent ear infections, chronic TMP, and loss
of hearing. Treatments designed to repair TMP usually involve reconstruction of the
tympanic membrane with autologous tissue grafts. These autologous grafts have several
limitations, e.g., the invasive procedures used to harvest the tissue and difference in tissue
mechanics between the graft and native tympanic membrane tissue. To address these
issues, a novel biomaterial comprised of hyaluronic acid (HA) and surface-anchored type I
collagen (Coll) fibers was developed and characterized. Here, a dual crosslinking reaction
was optimized for production of stable HA films with appropriate mechanical and
biochemical properties. The crosslinked HA films were fabricated by spin processing
followed by solution casting. HA film degradation and swelling were observed under
physiological conditions. The thickness and chemical composition of the films were
determined. Coll fibers were attached to the crosslinked HA film, and the tensile properties
of the combination material were examined. Finally, in vitro evaluation of cell attachment
and migration was performed with fibroblasts and keratinocytes. Crosslinked HA films
were stable for longer than 21 days when immersed in phosphate-buffered saline (PBS) at
37 °C. The mechanical properties of the films approximated those of the native human
tympanic membrane. Dermal fibroblast attached and proliferated on the HA-Coll fiber
scaffolds with no apparent cytotoxicity. Moreover, it was observed that the fibers in the
scaffold promoted migration of human keratinocytes. These data confirm the key functions
of the material for TMP repair and suggest that further development and testing are

warranted to move towards commercialization of the materials for the intended use.
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Chapter 1. Introduction

1.1 Clinical Relevance of Tympanic Membrane Rupture

Tympanic membrane perforation (TMP) is a common complication that occurs in
otology, with over 200,000 cases per year in the United States of America [1]. TMP has
numerous origins. For example, it can arise from chronic otitis media (COM), barotrauma
(i.e., sudden change in pressure), head trauma, or insertion of foreign objects into the
ear [2]. Most commonly, perforations are caused by physical trauma or otitis media.
However, TMP can also be a cause of COM. Suppurative COM affects over 31 million
people worldwide each year, leading to a significant health care burden [3]. The most
common long-term complications in patients with COM are persistent TMP and conductive
hearing loss. During an ear infection, fluids accumulate behind the TM, forming a buildup
of pus in the middle ear. The pressure from this buildup of pus is often sufficient to cause
TMP [4]. Even though most acute perforations heal within one month without surgery, in
20% of patients [5], [6], healing may fail, which may result in chronic TMP if this persists
for more than 3 months [7]. COM is a common complication for children from 6 to 12
months of age, which has profound effects on speech and language, social, behavioral, and
cognitive development. This can impact early education, social interactions and
performance in school [8]. Thus, to treat TMP, surgical procedures are required, which
typically involve the use of grafts to patch the perforation. Detailed information about the

procedures and materials that are used is given in section 1.3.
1.2 Tympanic Membrane Characteristics

An overview of the tympanic membrane anatomy, characteristics and function is

required to understand and contemplate what is needed for designing a graft for TMP. The



tympanic membrane (TM), also known as the eardrum, is a thin delicate translucent tissue
that divides the middle ear from the outer ear canal. The main functions of the TM are to
serve as a barrier to protect the middle and inner ear from the external environment and in
hearing conduction [9]. The TM is comprised of three layers of tissue: the outer cutaneous
layer, the fibrous middle layer (i.e., lamina propria), and a layer of mucous membrane on
its innermost surface. The TM is held in place by a thick ring of cartilage, a tough but
flexible tissue [10]. Figure 1 provides an overview of the TM and its components. The
thickness of the TM varies greatly across the membrane, but the mean value across the pars
tensa ranges between 79 and 97 um [11]. The thinnest part of the membrane is found in the
central region between the umbo and annular ring (50-70 pm), and the thickness increases
sharply over a small distance to approximately 100-120 pm when moving from the central
region either towards the peripheral rim of the pars tensa or towards the manubrium. The
thickness value found for the pars flaccida ranges from 30-230 um [11]. Moreover, the
diameter of the TM ranges from 8 to 10 mm and has a mass of around 14 mg [12]. The TM
vibrates when sound waves enter the ear, and the vibration continues through the ossicles.
The ossicles amplify the sound and send the sound waves to the inner ear and into the
cochlea. Once the sound waves reach the inner ear, they are converted into electrical
impulses. The auditory nerve sends these impulses to the brain. Then, the brain translates
these electrical impulses as sound [13], [14]. Thus, the transmission of sound depends on

the integrity of the TM, and a damaged TM may lead to permanent hearing loss.
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Figure 1: Photograph of a human tympanic membrane, provided by Dr. Robert
Adamson’s lab. Here, the parts of the membrane are labeled.

1.3 Current Strategies for Tympanic Membrane Repair

Various treatment methods have been attempted due to the severity of the possible
deleterious effects of TMP, such as contamination by exposure to pathogens introduced via
the external auditory canal causing COM and hearing loss. The two most frequently
performed surgical procedures for treating TM rupture are myringoplasty and
tympanoplasty [15], both of which aim to re-establish an intact TM, prevent recurrent
infections, and ultimately restore hearing [16]. Myringoplasty is the simplest repair, where
the hole is covered with a small piece of graft, fat, or Gelfoam® to temporarily seal the
defect and encourage the body’s normal healing processes. It can be performed in
approximately 30 minutes and works better in small center perforations (i.e., one to two
quadrants of the TM) [17]. Conversely, tympanoplasty is more invasive as it includes
creating an incision mostly in the ear canal (tympanomeatal incision). There are several

variations in how tympanoplasty is performed, such as lateral graft tympanoplasty (Figure



2) and butterfly tympanoplasty. In general, the technique consists of patching the hole with
a graft of the patient’s own tissue, either perichondrium or a connective tissue called fascia.
The surgeon will place the new tissue behind or on top of the rupture, and remove the outer
edges of the wound to make an acute injury and promote healing [18]. Both approaches
(myringoplasty and tympanoplasty) utilize graft materials that should slowly dissolve over
2 to 3 months while the TM heals.

Lateral Graft Tympanoplasty
‘ D

Figure 2: Overview of the lateral graft tympanoplasty procedure. A) In this
technique, a superior incision describes a vascular strip flap to be elevated laterally. B)
Schematic illustration of the initial stages of the lateral technique. EAC. — external
auditory canal; TM, Tympanic membrane; CT, Connective tissue. C) Removing the
squamous layer from the TM remnant. D) Placement of the fascia graft. E) After placing
the graft, a replacement is done of the superior flap overlapping the fascia graft. F)
Packing with Gelfoam® is performed. This step is important to reduce the likelihood of
anterior blunting or lateralization. G) Finally, further packing materials are added, such
as merocele and cotton. Reprinted with permission from Otologic Surgery Atlas,
obtained from [19]. Illustrations Copyright © chrisgralapp.com.

Grafts employed for TM repair include a diverse assortment of natural and semi-
synthetic materials. The most commonly used natural materials are autologous grafts such
as temporalis fascia, tragal cartilage, perichondrium, periosteum, vein, fat, or skin [20].

Among these, the gold standard is temporalis fascia, as it is close to the operation field and



relatively easy to harvest. The graft failure of temporalis fascia is mainly attributed to poor
stability characteristics linked to the presence of connective fibrous tissue with irregular
elastic fibers within the fascia [21]. The limitations of this type of graft are the invasive
medical procedures to harvest the tissue, possible donor site morbidity, lack of
transparency, and the differing tissue mechanics and material properties of the graft when
compared with intact TM [22]. The transparency of the material for healing the TMP is
important because it permits a clinician to inspect the middle ear [8]. The differences in
material properties may interfere with the conductive pathway of hearing resulting in
longer healing time and greater likelihood that surgical revision will be required. These
limitations have increased the demand for partially synthetic materials, (i.e., materials that
come from natural sources but are combined with biodegradable synthetic polymers or that
are chemically modified), or fully synthetic materials (such as poly glycerol sebacate) to
replace the use of autologous grafts [20].

The theoretical benefits of partially synthetic products, such as AlloDerm®, which
is a freeze-dried acellular dermal matrix with preserved basement membrane processed
from human allograft donors [23], include the elimination of morbidity related to graft
harvesting, faster healing, less risk of infection, less pain for the patient with no visible
scarring, and a faster procedure leading to early discharge [10]. However, the use of these
grafts makes the procedure more expensive, and no proven advantages compared to
autologous grafts have so far been demonstrated [10]. To overcome the aforementioned
limitations, various engineered biomaterials have been developed over the years utilizing
components present in the wound healing process. In particular, hyaluronic acid has gained

popularity following the discovery of its prominent roles in wound healing [24], [25].



1.4 Hyaluronic Acid and Its Properties

Hyaluronic acid (HA), also known as hyaluronan or hyaluronate, is a naturally
occurring glycosaminoglycan (GAG) found in the extracellular matrix (ECM) of numerous
tissue types including skin, synovial fluid between joints, and vitreous body of the eyes.
The unique features distinguishing HA from other GAGs are its simple structure and high
molecular weight, as well as the fact that it does not contain sulfated sugars. HA is normally
not covalently linked to a core protein and is synthesized by hyaluronan synthetases on the
inner surface of the cell membrane, causing HA to be directly translocated into the
extracellular space [25]. Structurally, HA is a linear anionic heteropolysaccharide
composed of a repeating disaccharide unit of D-glucuronic acid and N-acetyl-D-
glucosamine bound together through alternating B-(1,3) and B-(1,4) glycosidic linkages
(Figure 3) [26]. The disaccharide moiety can be repeated up to 25,000 times, producing
very long polymers with molecular weights reaching more than 10° Da [27]. The structure
and composition of HA makes it highly hydrophilic and able to bind several times its
weight in free water molecules. The functions of HA in the human body include tissue
turgidity due to its water-binding capacity, lubrication, and an important role in wound
healing. During wound healing, HA enhances the differentiation and proliferation of
endothelial cells and facilitates cell migration, angiogenesis, and regulation of
inflammation [28]. These biofunctionalities come from the interaction of HA with cellular
receptors: CD44, RHAMM, TLR-2 and TLR-4, HARE and LYVE-1 [29]. High molecular
weight HA (HMWHA) is the native form of the molecule. Nevertheless, in certain
conditions (e.g., the wound healing process), it can be decomposed into smaller fragments

referred to as low molecular weight HA (LMWHA) [30]. The molecular weight of HA is



an important feature of this molecule, since HA molecular weight is known to elicit
differential cell responses [31]. In general, HMWHA helps to maintain the structural
integrity of the cell microenvironment and acts as a physical barrier to cell movement and
expansion, while LMWHA can activate inflammatory responses [32] and promote cell

proliferation and migration [33], as will be discussed in the next paragraphs.

D-glucuronic acid  N-acetyl-D-glucosamine

, l |
| \

Hydroxyl
— Carboxyl } -
. OH OH
0
NH
O
/ CH3 n

Acetamido

Figure 3: Chemical structure of the HA disaccharide unit. Reprinted with
permission from Frontiers in Veterinary Science, obtained from [34]. Copyright © 2019:
https://creativecommons.org/licenses/by/4.0/.

CD44 receptors are the most well characterized cell surface receptors for HA and
have several roles in cell signaling related to cell migration, proliferation, development,
tumorigenesis, and inflammation [35]. When the receptor interacts with HMWHA,
homeostasis is maintained in cells and tissues. On the other hand, when a wound is present,
HA degradation products (i.e., LMWHA) interact with CD44 giving rise to many essential

processes such as cell migration of fibroblasts and keratinocytes into the wound, and the



internalization of LMWHA [36]. The mechanisms by which LMWHA sustains
inflammation and the other mentioned responses is still poorly understood, but it has been
proposed that the low molecular weight fragments may alter receptor clustering, and
therefore, the signaling of cell surface receptors activated by native HMWHA, such as
CD44 and RHAMM [37]-[39]. The way CD44 binds to HA is by a link domain present in
the amino-terminal globular region of the receptor, and it consists of 90 amino acids [40].
Receptor for HA-mediated motility (RHAMM), as its name indicates, results in increased
cell motility when activated by HA binding [41]. The binding between RHAMM and HA
does not occur by a link domain like in CD44-HA, instead, they are linked by the BX7B
motif (B represents either arginine or lysine and X7 contains no acidic residues) [42]. Toll-
like receptors 2 and 4 (TLR-2 and TLR-4), which are largely expressed on the cell surface
of immune cells, function as pattern recognition receptors in innate immune responses
against various pathogens [43] and can be activated by LMWHA [44]. HA receptor for
endocytosis (HARE) mediates systemic clearance of HA from circulation [45]. Lastly, the
lymphatic vessel endothelial receptor (LY VE-1) works to absorb the HA from tissue to the
lymph, regulating tissue hydration and tissue biomechanical properties [46].

The main limitations for using HA for wound healing in its natural state are its low
strength, high deformability, and rapid degradation and clearance in vivo. Despite these
drawbacks, HA is widely used in biomedical applications due to its viscoelastic properties,
cytocompatibility, biodegradability, biofunctionality, as well as the presence of many sites
for modification with reactive groups [47]. HA possesses multiple alcohol and carboxylic
acid groups along with a single amide functional group (Figure 3) that allows for numerous

chemical modifications that can be categorized in two different ways: conjugation and



crosslinking. In conjugation, a compound is covalently coupled to the HA chain by a single
bond, whereas in crosslinking, different HA chains are linked together by two or more
bonds [48]. These alterations can help to overcome the limitations of the polysaccharide
by improving, modulating, or controlling the therapeutic action of HA, which is useful

when developing new products [49].

1.5 Hyaluronic Acid in Tympanic Membrane Wound Healing

HA is involved in all stages of wound healing as was briefly stated in the previous
section. The four sequential but overlapping stages of the wound healing process are shown
in Figure 4. They consist of 1) hemostasis, i.e., stoppage of bleeding by the activation of
the blood clotting system; ii) the inflammatory stage, consisting of inflammation and
edema formation, and when necessary destruction of bacteria and removal of debris to
prepare the wound bed for the growth of new tissue; iii) the proliferative stage, where the
granulation tissue is formed; and iv) the remodeling stage, which involves either resolution
or scar formation [50]. The proliferative phase features three distinct sub-stages: filling the
wound, contraction of the wound margins and covering the wound (i.e., re-
epithelialization). In the final sub-stage of the proliferation stage, the epithelial cells rise
from the wound bed or margin and begin to migrate across the wound.

In the hemostasis stage, HA accumulates and binds to fibrinogen to form a
temporary matrix that supports the growth of fibroblasts and endothelial cells [51]. Later,
in the inflammatory stage, HA stimulates the production of pro-inflammatory cytokines
and facilitates primary adhesion of cytokine-activated lymphocytes to the endothelium.
Moreover, HA modulates inflammation, acting as a free radical scavenger and antioxidant

[52]. During the proliferative stage, HA stimulates the migration and proliferation of



endothelial cells and the production of collagen (types 1 and 8) [53], thereby promoting
angiogenesis [54]. As an integral part of the basal epithelial layer, HA promotes re-
epithelialization by directly enhancing the migration of keratinocytes via a CD44-mediated
mechanism [55]. Furthermore, the persistently high level of HA during wound healing is

also responsible for highly organized collagen deposition and scarless wound healing.
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Figure 4: Schematic overview of the wound healing process. Reprinted with
permission from American Association for the Advancement of Science, obtained
from [56]. Copyright © 2014; permission conveyed through Copyright Clearance
Center, Inc.

TM wound healing is unique in comparison to other sites of the body, such as the
skin. After an injury, the response of the body is to start the healing process, which means

it will undergo the four sequential but overlapping phases of hemostasis, inflammation,
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proliferation, and migration. In TM healing, the first two stages remain the same, but

proliferation and migration occur in the reverse order as shown in Figure 5 [57].
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Figure 5: Schematic overview of the TM wound healing process. (A) Three
distinct layers of tissue of the TM: outer epithelial, middle fibrous, and inner mucosal
layer. (B) Retraction of the perforation margin is supplemented by build-up of exudate
and inflammatory cells. (C) The keratin-HA layer functions as a scaffold for migrating
epithelial cells, and HA also attracts inflammatory cells to the wound site. (D) The outer
epithelial layer is the first to close followed by the mucosal layer. (E) HA creates a better-
quality neo-membrane with a well-organised fibrous layer. Reprinted with permission
from Taylor & Francis, obtained from [8]. Copyright © 2012; permission conveyed
through RightsLink by Copyright Clearance Center, Inc.

During the TM healing process, it is important to avoid dehydration of the wound
edges such that the cells that survive the initial injury remain viable to participate in the
wound healing process [58]. The prevention of dehydration allows the thickening of the

perforation border, which takes around 1-2 days with the use of topical HA instead of 3
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days without the use of HA [59]. Through the migratory stage of normal tissue healing,
granulation tissue usually develops and serves as a scaffold for re-epithelialization. In
comparison, in TM perforation, the squamous epithelium bridges across the perforation
first, conducted by a keratin spur. The keratin layer functions as a platform and is thought
to be the first to close the wound prior to the epithelial layer and fibrous layer [60], [61].
HA encourages the formation of this keratin layer and forms a film of hyaluronate-keratin,
allowing the migration of cells from the squamous epithelium [62]. In comparison to non-
injured TM, where migration is from the annulus to the umbo/handle of the malleus, HA
stimulates a centripetal migration of epithelial cells [63]. While the keratinocyte layer
progression is the most important element in TMP closure, the lamina propria also plays
an important role in preserving the functional properties of the TM. The lamina propria is
a layer that is made of noncellular connective tissue elements, such as collagen and
fibronectin [9]. Sometimes, failure of this layer causes a neo-membrane (i.e., the membrane
after healing) consisting of an epithelial and mucosal layer with few disorganized fibrils in
between [63]. This results in a flaccid TM which has poor mechanical properties that can
further lead to reduced sound conduction and be prone to additional damage. It has been
demonstrated that HA can regulate the orientation of the fibroblasts and collagen fibers,
leading to minimal scarring [64]. Collagen plays an important role in sound transmission
as well [65]. Therefore, improving the middle layer healing improves the functional
mechanical properties of the TM, such as vibration. Another important difference between
cutaneous and TM wound healing is that in the former, mitotic activity is highest at the
wound edge, while in the latter, there is an insufficiency of proliferative cells in the basal

layer at the TM wound borders and the proliferation occurs at a site distal from the injury
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[65]. The TM regeneration centers have been identified to be in the handle of the malleus
(also known as manubrium of malleus) and the annulus [66]. However,
immunohistochemistry studies demonstrated high concentrations of HA at both the
aforementioned regeneration centres, as well as at the margins of the TMP [66]. The wound
edge of the TMP is suspended in air, therefore no underlying tissue matrix is available to
support the regenerating epithelium and migrating vessels. Hence, exogeneous HA is
expected to provide extra support as it is part of the ECM and plays a significant role in the

TM wound healing process.

1.6 Collagen Type I Fibers

Type I collagen (Coll) is the most abundant protein in all vertebrates, making up
90% of collagen in the human body [67]. It assembles into fibers that form the structural
and mechanical matrix of connective tissue, skin, and bone. The main function of Coll is
to give the tissue resistance to force [68]. This type of collagen also plays an essential role
in skin wound healing, since it replaces collagen III during the remodeling phase, forming
a provisional framework for cell ingrowth. It has been demonstrated that the expression of
Coll significantly increases on the third day after a TM injury and levels remain high up to
the end of the observed period [69].

Coll presents specific motifs that promote interaction with diverse families of
receptors, including integrins, mannose family receptor uPARAP/Endo180, discoidin
domain receptors DDR1 and 2, OSCAR, GPVI, LAIR-1 and G6b-B of the leukocyte
receptor complex (LRC) [70], as shown in Figure 6. This provides a biological template
that favours cell attachment and promotes chemotactic responses [71]. The presence of

those motifs allow collagen to promote cell adhesion better than other materials such as
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HA [72]. Coll has shown excellent biocompatibility, biodegradability, bioactivity, and
cytocompatibility. Due to the above-mentioned characteristics, it is one of the components
that is integrated into many wound healing materials. Most of the studies integrate Coll as

a solution to coat the wound dressings [73], [74], [75]-[79].
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Figure 6: Schematic representation of the stages of collagen turnover showing
different forms of collagen (blue), different collagen receptor families (red) and
individual receptors, and the cellular outcomes for collagen receptor-mediated signals
(purple). Reprinted with permission from Frontiers in Physics, obtained from [70].
Copyright © 2017: https://creativecommons.org/licenses/by/4.0/.

1.7 HA- Coll Scaffold for TMP

Chronic TMP is one of the most common diseases in otology and it has the potential
to become a severe problem if left untreated, resulting in recurrent otitis media and loss of
hearing. There are treatments available to address this condition, but the materials that are
currently employed need to be improved to provide a safer, faster, and a less expensive

procedure. HA is a ubiquitous polysaccharide found in the ECM in all stages of wound

healing, making it a great candidate for the treatment of TMP. Some of the most important
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advantages of this polymer are: 1) its versatility, i.e., it can be chemically modified to
achieve desired mechanical properties; ii) the ability to absorb water, which is important
in TMP because it helps to prevent dehydration of the perforation margin; iii) it is a non-
immunogenic molecule; 1v) it can moderate inflammation by functioning as a free-radical
scavenger and antioxidant; v) it provides a porous structure, which is important because
this helps with diffusion of oxygen and nutrients; and vi) it can help to produce a better
quality neo-membrane. In otology, HA is widely used as a packing material or as a topical
gel [80], [81]. For this project, HA will be used as a scaffold for helping to promote cell
migration of keratinocytes. LMWHA is used because, as mentioned in Section 1.4, it tends
to promote inflammation, cell proliferation and migration, which are all required for wound
healing. To obtain LMWH, HMWHA is hydrolyzed in acid and then crosslinked to slow
the degradation time. In addition, some of its properties are modified, such as the capacity
for water absorption, malleability, and mechanics. In addition, Coll fibers are produced
using an automated method for contact drawing [82] and attached to the HA film surface.
This method was selected instead of more common ones, such as electro spinning or wet
spinning, since contact drawing is inexpensive and possesses other advantages that will be
further explained in Chapter 5. The use of these Coll fibers provides additional adhesion
sites for cells to increase attachment to the material and help to promote cell migration
across the TMP. Additionally, the Coll fibers may encourage the creation of a more stable
neo-membrane, since, as mentioned before, occasionally the fibril layer of the TM fails to
regenerate, leaving the repaired membrane with poor mechanical properties that affect its
function. Importantly, the use of collagen in the form of fibers was selected, as fibers are

the natural form factor into which Coll molecules assemble; this provides topographical
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cues to the cells. This is a novel approach that, to the best of my knowledge, has not been
used before in TM wound healing or in wound healing in general.

As mentioned above, the overall goal of this project is to develop a scaffold
comprising an HA crosslinked film with attached Coll fibers for TMP repair. The first
objective was to crosslink the HA to reduce the swelling of HA and slow its degradation
time to produce a material that can be used in TMP treatment. To this end, I determined
the optimal HA chemical crosslinking reaction and the best fabrication method to produce
an HA film. I interacted with an otolaryngologist and observed a tympanoplasty surgery
to gain a better understanding of the requirements for the material. With those requirements
in mind, I then characterized the crosslinked HA film to assess the degradation and swelling
profiles as a function of the chemical crosslinking process.

The second objective was to use Coll fibers to provide topographical and
biochemical cues to promote cell attachment, as well as enhance migration of cells from
the wound margin. To accomplish this, I functionalized the HA film with Coll fibers, which
required an optimization of the procedure to attach Coll fibers to the HA film. Furthermore,
tensile properties were examined to ensure adequate properties for surgical handling.
Afterwards, I performed in vitro experiments to assess cytotoxicity, proliferation,

attachment, and migration of N/TERT keratinocytes on the HA-Coll scaffold.

1.8 HA-Coll Scaffold Design Requirements

A novel crosslinked HA-Coll scaffold needs to fulfill specific requirements, e.g.,
surgical handling and biocompatibility. Design criteria were developed in cooperation with

otolaryngologist Dr. Paul Hong and after a state-of-the-art literature review on materials
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used for TMP repair. Table 1 shows the design criteria, design inputs and rationale for the

HA film.

Table 1: Design criteria of HA film for TMP repair.

Design criteria Design input Rationale
Biocompatible The material and by- If the material is toxic, the cells will
products of degradation are die.
non-cytotoxic and non-
immunogenic.
Components The selected polymers to | When the materials are derived from
create the material should biopolymers involved in wound
help to promote wound healing, complete healing is more
healing. likely.
Crosslinking A crosslinking reaction A crosslinking reaction with the
with few steps and reagents | aforementioned characteristics will
is preferred. Additionally, be faster and cheaper than having
the crosslinker should not several steps with numerous
possess high toxicity to reagents.
cells.
Thickness A thickness of around 30 | The thickness of human TM is in the
um is desired. range of 30 to 120 um [11].
Manipulation The materials should have When the material is used in
adequate tensile properties, tympanoplasty, it will be handled
so they do not break during | with forceps to bend and place it in
handling. the perforation area. The material
must also be able to withstand slight
tension when removed from the
packaging and while adjusting
placement.
Transparency It is preferred that the film | Transparency mimics a normal TM
to repair the TM is and allows a clinician to observe the
transparent. middle ear [8].
Colour The HA film should have a HA on its own is completely
colour that makes it easy to | transparent which makes it difficult
visualize. to see in the ear. The transparency is
still important as stated before but
adding an extra colour that does not
resemble typical body fluids, can
make it easier to see the film and
manipulate it.
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Chapter 2. Chemical Modifications of HA

As shown in the previous chapter, HA has great potential to be used as a scaffold
material for TMP repair. However, it cannot be applied in its natural state because it will
get degraded within a few minutes and because of its gel-like consistency. For this reason,
HA needs to be chemically crosslinked to obtain a stable material that can stay in place
while healing of the TM takes place. Moreover, the crosslinking can help to achieve desired
mechanical and swelling properties, i.e., the stress and strain the material can handle as
well as how much water it is able to absorb.

Here, a double crosslinking was selected to obtain a HA material with desired
properties (stable for at least 14 days and not much swelling, as will be discussed in
chapter 4). The first analyzed alternative was polyethylene glycol diglycidyl ether
(PEGDE) as the first crosslinker and tannic acid (TA) as the second one. This combination
proved to no show the necessary outcome, i.e., the films were not stable under immersion
in PBS and they swell a lot. Thus, a second approach was conducted with PEGDE and
itaconic acid (ITA).

2.1 Chemical Crosslinking with PEGDE and TA

There are several different chemical modifications possible for HA [83] but for the
application proposed here, the modification described by Lee et al. [84] was initially
selected (Figure 7). This chemical modification involves covalent and physical
crosslinking using two different crosslinkers, PEGDE and TA. In the first crosslinking
reaction, the hydroxyl groups of HA and the epoxide groups of PEGDE react to form ether
groups upon an increase in pH [85]. This reaction is carried out in solution. The second

crosslinking reaction is carried out on the solid crosslinked material using TA to form
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hydrogen bonds that stabilize the HA and PEGDE network. This second crosslinking
reaction relies on diffusion of the crosslinker and allows the materials to be cut to shape
and/or contoured before crosslinking. TA is a natural occurring polyphenol found in plants
and fruits, which exhibits antibacterial, antioxidant, and anti-inflammatory properties,

offering additional potential advantages as a crosslinker [86].
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Figure 7: Schematic illustration of HA-PEGDE-TA synthesis with the
interactions between PEG and TA. Reprinted with permission from Elsevier, obtained
from [84]. Copyright © 2018; permission conveyed through RightsLink by Copyright
Clearance Center, Inc.

The dual crosslinking reaction using PEGDE and TA was selected because it is
relatively simple and requires fewer steps and reagents, making it also less costly.
Furthermore, the study by Lee et al. [84] suggested an improvement in cell attachment and
proliferation without any cytotoxicity making it an ideal candidate for wound healing
applications. The crosslinkers used here are also less toxic than other commonly used
crosslinkers, e.g., glutaraldehyde and 1,4-butanediol diglycidyl ether (BDDE) [87].
Furthermore, the resulting material is transparent and somewhat adhesive, offering

potential advantages for monitoring the middle ear and in surgical placement, respectively.
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I adapted and optimized this established crosslinking protocol by Lee et al. [84] for
generating a thin material for TMP repair, the design criteria for which are shown in Table
1. The optimization targeted increasing the degree of crosslinking and reducing the

difficulty of getting the reagents properly mixed in the reaction.

2.1.1 Materials and Methods

The protocol of Lee et al. [84] deploying PEGDE (average M, 2,000) and TA as
crosslinkers consisted of using an HA concentration of 2% w/w, with a crosslinking ratio
between HA and PEGDE of 2:1. Distilled water was used as the solvent for all the solutions
that were prepared here and the temperature for all the steps was set to 20°C (room
temperature). For the second crosslinking reaction with TA, five different TA
concentrations were examined: 0, 0.05, 0.1, 0.15 and 0.2% (w/v).

First, HMWHA was dissolved overnight in 0.3M NaOH. The purpose of this step
was to activate the hydroxyl group of HA to form ether bonds with PEGDE [88]. For
preparing a 15 mL reaction, 300 mg of HA (~1.5 — 1.8 - 10® Da, Sigma-Aldrich) was
dissolved in 15 ml of a mix of distilled water and NaOH (to obtain a solution of 0.3M
NaOH). The solution was left to mix overnight. Next, 748 mg of PEGDE was added to the
HA solution while the solution was mixed vigorously at 600 rpm. The solution was mixed
at 600 rpm for another 30 min, and after that, it was mixed at 60 rpm for 24 h. Next, the
HA-PEGDE hydrogels were cast in a cell culture plate for one day at RT to be washed with
NaCl for removal of any remnant reactants. Then, five different solutions (40 mL each)
were prepared using distilled water and TA (0% w/v, 0.05% w/v, 0.1% w/v, 0.15% w/v

and 0.2% w/v TA). The HA-PEGDE hydrogels were then divided in 5 different containers
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to immerse them in each 40 mL TA solution for two days. Finally, the double crosslinked

hydrogels (HA-PEGDE-TA) were washed with phosphate buffered saline (PBS).

2.1.2  Results

Following the protocol of Lee et al. [84], there were issues with using an HA
solution of 20% w/w. It was not possible to mix the solution with the other reactants and
the resulting hydrogels were heterogeneously crosslinked, as suggested by the
heterogenous colouration of the materials (white opaque and brownish transparent
regions), as shown in Figure 8A for a hydrogel crosslinked with 0.1% w/v TA. Therefore,
I decided to lower the concentration of HA. The concentrations I tried were 15, 10, 5, and
2% w/w HA. The resulting hydrogels showed that without modifying other factors (e.g.,
ratio of HA to crosslinker, pH, temperature, etc.), the lowest concentration of HA that was
able to form hydrogels was 15% w/w. A lower concentration resulted in the complete
dissolution of the material when it was immersed in water or PBS. At this point, using 15%
HA showed the same results as the previously reported protocol. Nevertheless, the resulting
hydrogels were not optimal for application in TMP repair, i.e., the hydrogels increased in
weight by 40-fold due to water uptake which resulted in swelling, and they were too fragile,
as they broke just by trying to hold them with tweezers.

Four different TA concentrations were used: 0.05%, 0.1%, 0.15% and 0.2% w/v.
Lee et al. showed that having a higher concentration of TA increased the crosslinking
density, as shown by a reduction in swelling. However, as shown in Figure 8, in my
adaptation of the crosslinking protocol, the main difference that the concentration of TA
made was a change in colour (going from a yellowish colour to a brown colour) with

increasing TA concentration. The degree of swelling also decreased, but not to an extent
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that would allow the material to be used for repairing a TMP. I also observed that with a
higher concentration of TA, the material became more brittle.

The next modification to the protocol to deal with the stability, swelling, and
brittleness issues was to increase the ratio of PEGDE to HA and change the way PEGDE
was added to the HA solution. In my initial attempts, PEGDE was added in powder form,
which resulted in non-uniform crosslinking of the HA and may explain why the material
dissolved when placed in water. To overcome this issue, I dissolved PEGDE in water and
then added it to the HA with vigorous stirring (more than 400 rpm). Furthermore, by having
molar ratios of 2:1 and 1:1 of HA:PEGDE, the concentration of HA solution could be
decreased to 2% w/w and still form stable hydrogels that did not break when handling with
tweezers or dissolve in water (Figure 8B and C). Importantly, I also decided to increase the
degree of crosslinking of the HA to reduce the swelling of the material. However, the

material still swelled more than desired.
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Figure 8: HA crosslinking with PEGDE and TA. A) I followed the protocol of
Lee et al. without making any modifications to it. Samples were formed from 20% w/w
HA with a HA:PEGDE ratio of 9:1. B) and C) have 2% w/w of HA and a molar ratio of
HA:PEGDE of 2:1. B) Dried samples with different concentrations of TA. C) Hydrated
samples with different concentrations of TA. The red line indicates the diameter of each
well. The controls in this figure are HA hydrogels crosslinked only with PEGDE.
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I evaluated the crosslinking reaction based on qualitative visual and mechanical
criteria, i.e., if the material was homogeneous, held its shape, changed in size after
immersion in water, and could be handled with tweezers. After this qualitative evaluation,
a deeper and quantitative characterization was done, as presented in Chapter 4.

2.1.3  Crosslinking only with PEGDE

Since the visual and quantitative data obtained by crosslinking HA with PEGDE
and TA did not fulfill the design criteria stated in Table 1, I began exploring different
chemistries that could be used for the fabrication of a crosslinked HA film. As without the
use of TA the hydrogels were not brittle, nor did they degrade after immersion in water or
PBS, I performed crosslinking just using PEGDE with a 2% w/w HA solution and with a
molar ratio of 2:1 HA to PEGDE. The results of this experiment showed that the material
was stable under water immersion. However, the hydrogel was soft (almost like a slime)

and difficult to manipulate (Figure 9).

Figure 9: 2% w/w HA crosslinked with PEGDE. A) Hydrogel after 3 days of
hydration. The blue dashed circle in the first well represents the initial size of the HA-
PEGDE hydrogel. B) Handling of the hydrogel with tweezers.
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2.2 Chemical Crosslinking with PEGDE and ITA

In the search for how to improve the crosslinking reaction, a decision was needed
whether the chemistry and selected crosslinkers should be changed completely or if just a
part of the reaction scheme should be changed. As was shown, using PEGDE alone for
crosslinking was not sufficient, but keeping it was crucial as will be discussed in Section
2.3.3. Therefore, I looked for other possible secondary crosslinkers that could help to
reduce the swelling of the hydrogels. The features I was looking for in this second
compound were that it was nontoxic, biodegradable, inexpensive, and, if possible, that it
had some bioactivity related to wound healing, meaning a compound that could regulate
inflammation or infection. This investigation led me to the study conducted by Calles et
al. [89] where they crosslinked HA with PEGDE and itaconic acid (ITA). I selected this
approach because they were already implementing some of the optimizations I made to the
protocol for HA-PEGDE-TA, such as having an HA concentration of 2% w/w and a molar
ratio of HA/PEGDE similar to what was working best for me (2:1 HA to PEGDE). The
only issue with the approach of Calles et al. was the lack of explanation of what the role of
ITA was in the crosslinking, and what properties this organic acid had. However, in other
literature, it was reported that this compound is biodegradable and non-toxic, and due to
its carboxylic groups (Figure 10), it can participate in esterification reactions with

compounds that have hydroxyl groups [90], such as HA.
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Figure 10: Chemical structure of itaconic acid. Created using Chem-Space.

The chemical modification first presented by Calles et al. is as follows. Briefly, the
hydroxyl groups of HA react with the carboxylic groups of ITA to form ester bonds. The
addition of ITA lowers the pH, which later affects the crosslinking of PEGDE with HA-
ITA and promotes formation of ester and ether bonds between PEGDE with HA [88]. Both
crosslinks are carried out in solution. Since all the reagents are dissolved together in water,
a homogeneous crosslinked material is formed.

2.2.1 Materials and Methods

To start, HMWHA must be dissolved under acidic conditions. Although the
purpose of this step is not mentioned by Calles et al., the dissolution in acidic conditions
greatly decreases the viscosity of the HA, making it easier to work with and ensuring a
soluble end-product, in addition to helping to activate the hydroxyl groups of HA. The
activation occurs due to the deprotonation of this group, imparting a negative charge, and
thus, promoting ester bond formation [83]. Initial hydrogel synthesis attempts without
preceding dissolution in acid solvent all resulted in heterogeneous end products. As I
sought to form extremely thin hydrogels using this reaction, from this point on, the

hydrogels will be referred to as films. In the optimized protocol, the HA-PEGDE-ITA film
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was synthetized from HA-PEGDE-ITA solutions using distilled water as a solvent and all
the steps were carried out at room temperature (20°C). HA was used at a concentration of
2% w/w and the amounts of reagents were adjusted to obtain 1:2:1 molar ratios of
HA:PEGDE:ITA. The materials were prepared in 15 mL batches.

The amounts of each reagent used in the crosslinking reaction were as follows:
97.33 mg of ITA (Sigma-Aldrich) dissolved in distilled water (12 ml of the 15 ml total
reaction volume). Once the ITA was completely dissolved and after 30 min of stirring at
120 rpm, the pH was 2. Then, 1 drop of blue food colourant (trodat ® Colour 7011, used
only for film visualizations) was added and the solution was mixed for 10 min. The addition
of colourant did not change the pH. Increasing the agitation of the solution to 200 rpm, 300
mg of HA (~1.5 — 1.8 - 10° Da, Sigma-Aldrich) was then added slowly. The solution was
stirred until a homogeneous gel-like material formed, which took around 30-40 min. After
this step, the pH increased to 3.2. Next, in a separate container, 2993 mg of PEGDE
(average M, 2,000, Sigma-Aldrich) was dissolved in the remaining distilled water (3 ml).
This last step needed to be done under agitation, either by using a vortex mixer or using a
magnetic stir bar with the maximum agitation possible from the stirring plate. After the
PEGDE was completely dissolved (after around 20 min of agitation), it needed to be added
slowly to the HA-ITA solution. Again, the agitation of the stirring plate was set to its
maximum. When all the PEGDE solution was incorporated, the HA-PEGDE-ITA solution
was held at maximum agitation (600 rpm) for 1h and the pH increased slightly to 4.1. After
1h, the agitation was reduced to the minimum (60 rpm), and the reaction was left to proceed
for another 24 h. Even though the pH of the solution at this point was still acidic,

subsequent washing steps increased the pH to the physiological range, while removing any
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unreacted compounds from the HA-PEGDE-ITA material. Washing was done after film

fabrication as described further in Chapter 3.

2.2.2 Results

The protocol using ITA [89] did not need much additional optimization beyond
what was performed previously for TA. The main difference was that before I was working
with a ratio of 2:1 HA to PEGDE, and in the study done by Calles et al. the molar ratio was
1:2. In the case of ITA, the molar ratio to HA was 1:1. I also tried to modify this ratio to
determine if the material properties changed, but I did not observe any dramatic differences
in mechanical properties as a function of molar ratio of HA to ITA. For this reason, the
molar ratios were kept as described in the Calles protocol. The results of adding ITA to the
HA-PEGDE solution are shown in Figure 11. The initial evaluation was based on
homogeneity, change of shape after immersion in water, and if in general the shape that
was produced at the end of the reaction was retained. As can be observed from Figure 11,
the HA-PEGDE-ITA film was completely transparent and homogeneous, and the shape
was restored even after manual bending. Besides this, the mechanical criteria, i.e., if the
material could be handled with tweezers, was assessed, and the results showed that the film
did not break or fall apart when handled by tweezers as would be necessary for surgical
placement. Blue food colourant (as seen in Figure 11B) allowed visualization of the
material (again important for surgical placement) with no noticeable effect on handling
properties or homogeneity. To achieve a homogeneous colour, the best point to add the

colour was after dissolving ITA in water.
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Figure 11: HA crosslinked with PEGDE and ITA. A) Spin processed and solution
cast films dried after washing to remove unreacted compounds. Films are transparent,
flexible, and possible to handle with tweezers. B) HA-PEGDE-ITA films with addition
of blue colour.

2.3 Discussion

2.3.1 HA Crosslinked with PEGDE and TA

The first crosslinking reaction was done with PEGDE and TA as described by the
protocol of Lee et al [84]. This was chosen based on the reported improvement of cell
attachment and proliferation without any cytotoxicity as well as the simple and less costly
procedure.

Some limitations were observed for the established protocol from Lee et al., such
as weakness and brittleness of the material, meaning that it broke easily when handling
(Figure 8A). Additionally, the hydrogel absorbed too much water, increasing its weight by
at least 40 times compared with the completely dried form, which was not suitable for TMP
repair because it made the hydrogel lose its shape. The last issue was how difficult it was
to get the reactants mixed, since Lee et al. used a HA solution of 20% w/w. To overcome
these limitations, first, I increased the degree of crosslinking in an effort to improve the

mechanical properties of the material and reduce the swelling since the material would
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have fewer hydrogen bond donors/acceptors available to bind water when covalently
crosslinked [91]. This was done by increasing the ratio of crosslinking agent to HA. The
protocol of Lee et al. used a ratio of 9:1 HA to PEGDE, and I explored modifying it to 2:1
and 1:1. This was decided based on literature precedents showing that a more stable
hydrogel can be obtained with those ratios (i.e., a hydrogel that swells less and takes longer
to degrade) [85], [89], [92], [93]. Finally, I decided to decrease the concentration of the
initial HA solution from 20% to 2% w/w to make mixing of the solution easier.
Furthermore, previous TMP repair studies have shown that ~2% w/w HA helps to close
the injury faster than lower concentrations of 1% w/w [94]. Since the swelling was still too
high (Figure 8B), adding a hydrophobic moiety by conjugation reaction to reduce the
swelling was considered for the next set of experiments (Figure 8C). Some possible
moieties that were considered included octadecylamine (ODA) [95], itaconic acid [89],
3,3’-dithiobis (propionic hydrazide (DTP) [96], octenyl succinic anhydride (OSA) [97] or
1,6.diaminohexane [98].
2.3.2 HA Crosslinked with PEGDE and ITA

The formation of ester and ether bonds in HA using PEGDE and ITA produced an
HA film that was stable in water and could also be handled with tweezers without breaking
it (Figure 11A). The chemical modification occurred on the hydroxyl groups (-OH) of HA.
In the first instance, the carboxylic acid groups (-COOH) of ITA react with the -OH of
HA by forming ester bonds in a condensation reaction between those two functional
groups [90], [99]. At this point, the solution is under acidic conditions, and, even though
ITA is reacting with HA, the conditions lead to the formation of ester and ether bonds with

the epoxide groups of PEGDE and the -COOH and -OH of HA, respectively. The ester
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bonds formed between the epoxide group of PEGDE and the hydroxyl group of HA are the
first to be formed because of the acidic conditions with a pH ~3 [88]. After the reaction is
let to mix for a while, the pH increases to 4.1, which promotes the formation of ether bonds
between the -OH group of HA and the epoxide ring of PEGDE [100]. The ability to form
two different types of bonds depending on the pH is an important advantage of PEGDE as
a crosslinker. In conjunction, the selected chemistry that was first presented by Calles et
al. promotes the formation of bonds (i.e., ester and ether bonds) that are stable in
physiological conditions of the dermis [101], which is ideal for a biomaterial used for
healing the TM.

The addition of blue colour to the film to be able to visualize the HA-PEGDE-ITA
material more easily was selected so as not to be confused with signs of infection, an open
wound, or the colour of the earwax (Figure 11B). Consequently, red, yellow, brown, etc.
colours were not explored. The next step was to select which dye would be the best option,
and a couple of options were available, such as Coomassie brilliant blue and food
colouring. Food colouring was selected as it is better to have a dye that does not interfere
in the chemistry of the material and is unlikely to have toxic effects on cells. The best point
at which to add the colour was at the beginning of the reaction, just after dissolving the
ITA in water. If added after the crosslinking, the colour was not homogeneous.

2.3.3 Choice of Chemical Modification

Several chemical modification schemes have been described for the crosslinking
of HA into an hydrogel or film for biomedical applications, including Diels-Alder
crosslinking [102], enzymatic crosslinking [74], thiol-modified crosslinking [103], and

photo-crosslinking [104]. All available options have some desirable features, but many of
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them require several steps for the chemical modification and involve the use of numerous
different reagents and time-consuming processing steps. Therefore, a reaction that was
simple with only a few steps and reagents was preferred. The first step was then to decide
what type of bonds I wanted to form. Ester and ether bonds were selected, since, as
mentioned, these are stable under physiological conditions in the skin [101], which is
desirable for materials that will be used in wound healing applications. The formation of
these bonds can also be relatively easily achieved based on the chemical structure of
HA [99]. PEGDE was the first crosslinker I found to fulfill these requirements.

PEGDE is a homobifunctional highly water-soluble crosslinker for amine,
hydroxyl, and carboxyl functional groups. It is composed of two epoxy terminal groups
with a long polyethylene glycol (PEG) chain between them [105]. It has been shown to
produce HA films with higher stability than other commonly used crosslinkers, e.g.,
glutaraldehyde, divinyl sulfone and BDDE. Additionally, PEGDE presents less
cytotoxicity than the previously mentioned crosslinkers [87], an important feature for any
material that is intended to be used for medical applications. It also has been demonstrated
that films or hydrogels crosslinked with PEGDE present better mechanical performance
than those crosslinked with glutaraldehyde, due to better elongational properties, higher
plasticity and stability in water [85], [89]. The PEGDE structure with long flexible PEG
chains can mitigate the effect of polymer rigidity that other crosslinkers have [92], and, as
was shown in the results here, the HA material that was crosslinked with PEGDE was
flexible. This behavior is not common when crosslinkers are applied to HA. For example,
when using a crosslinker like glutaraldehyde, the material becomes rigid, and

consequently, brittle, making it necessary to add a plasticizer in order to obtain a more
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ductile material [106]. Furthermore, as explained before, PEGDE can form ether links with
the -OH groups of HA in solutions that have a pH of 4 or higher, and in more acidic
conditions (pH of 3 or lower) it forms ester bonds via the COOH- group of HA [88].

The second selected crosslinker was ITA, an organic acid that consists of two COO-
functional groups and one a, B-unsaturated double bond. Its composition makes it a
suitableprecursor for numerous chemical transformations. Some of the reactions that ITA
can promote and participate in are esterification, addition, and polymerization [107]. As
was already explained, when ITA reacts with HA, ITA COOH- groups form ester bonds
via the OH-groups of HA. In addition to being able to crosslink HA, ITA is inexpensive,
non-toxic, biocompatible, and bio-degradable [108], and can regulate inflammation and
response to infection [109]-[111]. Calles et al. previously demonstrated that HA
formulations crosslinked with ITA had the lowest swelling ratio (compared to HA
crosslinked only with glutaraldehyde), which suggested that ITA increased the degree of
crosslinking between HA chains. This was exactly what I was looking for, because when
crosslinking HA only with PEGDE, the material did not dissolve in water but still absorbed

several folds its weight in water.

2.3.4 Protocol Optimization

The optimizations I carried out for the HA-PEGDE-TA chemistry were based on
factors that influence the degree of crosslinking because this influences the nature of the
final product. One factor is the form of the HA starting material employed, i.e., how the
reaction will be carried out. This can be in a homogeneous format using HA as solution or
a heterogeneous one using HA as a hydrogel/film [84]. Other important factors are the

concentration of HA [93], the molar ratio of crosslinking agent to HA [100], [112], [113],
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the reaction time, temperature, and pH [114]. Since there were problems mixing the
reaction due to the high concentration of HA (20% w/w), as shown in Figure 8A, it was
decided to lower the concentration to 2% w/w [115]. The next change was the molar ratio
of HA to PEGDE. Reading studies that also used this crosslinker, I found that the most
common molar ratios used for biomedical research and applications were of 2:1 HA to
PEGDE or vice versa [89], [101], which was demonstrated to increase the crosslinking
because the materials became more stable and absorbed less water when they were
immersed in it. These modifications improved the product of HA-PEGDE-TA (Figure 8B
and C) but limitations (e.g., heterogeneous crosslinking and brown colouration similar to
ear wax) were still present requiring me to consider replacing TA with ITA.

Even though the second crosslinking method I followed [89] to produce HA-
PEGDE-ITA films did not need much additional optimization, the optimization I made
using TA helped me to know the best methods to conduct the reaction, i.e., how to mix the
reagents properly and in which order. It also helped me to decide which concentrations I
wanted to work with, and at the end of this analysis, I decided to use the HA-PEGDE-ITA
crosslinking approach first described by Calles et al., which fulfilled the design criteria

listed in Table 1.
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Chapter 3. Fabrication of an HA Film

Once an appropriate chemical crosslinking method was selected, the next step was
to determine which fabrication method would be best to produce crosslinked HA films.
The shape of this film was intended to mimic the native human TM. Figure 1 shows that
the TM is a thin and transparent piece of tissue that looks like a film. Hence, I started to
investigate which methods could be used to make a film from the crosslinked HA materials.
The three options I had available to me were solution casting, spin coating, and three-

dimensional (3D)-bioprinting as shown in Figure 12.

A) Spin coating ’ Ea)‘ ;ﬂ;tion
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@ Crosslinked evaporate
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top of Silicon
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@ Spinning E -i

C) 3D-Bioprinting

@ Peeling off

Figure 12: Schematic illustration of the possible fabrication methods to produce
an HA-crosslinked film. A) Spin coating, where the required equipment is a spin
processor to spin a flat substrate at a specific velocity and acceleration. B) Solution
casting, the simplest of the methods because it just consists of placing a solution in a
mold to then let the solvent evaporate. C) 3D-bioprinting, a method that requires a 3D
bioprinter but is able to produce a specific shape that can be designed using computer
programs. Created with BioRender.com
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3.1 Solution Casting

Solution casting was the simplest of the three approaches and can make films in a
shorter time than other methods. Solution casting is also low cost and has easily
reproducible reaction conditions [116]. It consists of dissolving a polymer (e.g., crosslinked
HA) in a solvent (e.g., water). The first step is to place the solution into a predefined 3D
mold or on a simple carrier substrate, and then the solvent is allowed to evaporate to create
a solid layer on the mold/carrier [116]. The resulting cast layer can then be peeled away to
produce a standalone film. A possible limitation of this method is that the film can vary in

thickness across its surface.

3.2 Spin Coating

Spin coating is based on the same principles as solution casting. The polymer to be
deposited is also in solution. The substrate, usually a silicon wafer or a glass cover slip, is
held by vacuum on a chuck. The solution is then placed on top of the substrate, which is
rotated at an adjustable speed [117]. The solution spreads over the surface due to
centrifugal forces, which also causes some of the solvent to evaporate. As a result, a thin
film is formed on the substrate. Here, the thickness of the film can be determined by
adjusting parameters such as rotation speed, acceleration, spinning time, the amount of the
film-forming solution, solution density, and solution viscosity. The main advantage of this
method is the production of uniform films of thickness in the range of nanometers to
micrometers. Nevertheless, having many parameters can complicate analysis of which
settings will be necessary to obtain a film of a specific thickness and films with thicknesses
greater than a few hundred micrometers can be difficult to achieve. Additionally, this

method is not suitable for large-scale manufacturing.
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3.3 3D Bioprinting

The last option, 3D bioprinting, is a type of digital additive manufacturing
technology that fabricates components layer by layer according to a specific digital 3D
model. The central idea of 3D bioprinting is to realize the controllable spatial distribution
of biological materials, such as HA, cells, and other active substances to build tissues or
organs with highly bio-mimetic architectures and components. Here, the polymer solution
containing the cells or biological material is referred to as a “bioink™ [118]. This type of
fabrication method can create scaffolds with individual customization and precise internal
structures and surface features with short production cycles and lead times. The limitations
of 3D bioprinting are the expensive equipment and the limited number of available
materials that can be printed [119]. Ultimately, 3D bioprinting was ruled out for HA films

because the materials far exceeded the viscosity of a typical bioink.

3.4 Materials and Methods

When the reaction of HA-PEGDE-ITA was finished, the magnetic stirring bar was
removed from the beaker and the beaker with the solution still inside was transferred to a
chamber. The beaker was kept inside the chamber under vacuum for around 1 h. This step
was done to remove air bubbles in the HA-PEGDE-ITA solution. Afterwards, the solution
was added to a Petri dish of 150 mm in diameter covered on its surface with parafilm (for
release of the film in later steps). It is important that the solution is added in the centre of
the dish before it starts spreading, and if the solution still has air bubbles, the Petri dish

must again be placed in a chamber under vacuum. This last degassing step should not be
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carried out for more than 30 min as otherwise the solution starts to dry, making it difficult
to manipulate.

The Petri dish with the crosslinked solution was then placed on the chuck and the
vacuum of the spin coater (a Laurell-WS-650MX-23NPPB system) was activated to keep
the dish in place. Next, the solution was spin processed for 60 seconds at a velocity of
300 rpm with an acceleration of 100 rpm/s. The program was run once, and then the
solution was observed for air bubbles. If it had a considerable number of bubbles, they
were popped using a pipette tip, and the program was run again. In almost all cases the
samples were spun twice with the described program. Once the material looked even and
spread, the Petri dish was transferred to a fume hood to let the remaining solvent (distilled
water) evaporate. A completely dry film was necessary to obtain a defined shape, and for
this 24 h in the fume hood was required.

After the films were completely dry, they needed to be removed carefully from the
parafilm to avoid cracking. Once the films were removed, a wash was done to remove
unreacted compounds. The wash consisted of placing the HA-PEGDE-ITA films in a Petri
dish containing distilled water. Then, the dish was transferred to a Benchmark-Orbi-
Blotter™ and shaken at the minimum setting (around 10 rpm) for 30 min. Afterwards, the
present distilled water was discarded, and the wash was repeated twice, before a final wash

with PBS.

3.5 Results

Results for solution casting and spin coating of HA crosslinked film are shown in
Figure 13. The first method that was tried was solution casting as it was the simplest and

fastest method. These advantages were useful when I was optimizing and selecting which
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chemical crosslinking method would be best for the film. In Figure 13A, HA-PEGDE-TA
was cast in a 6-well plate with the surface of each well covered in parafilm to aid the release
of the material. A uniform material was not produced by the solution casting method,
mainly due to the high viscosity and stickiness of the crosslinked material. This was a
property specific to TA crosslinking, as TA is known to be adhesive even after it interacts
with PEGDE [120]. Moreover, when the HA-PEGDE-TA material was dried, as shown in
Figure 8B, it remained uneven and adopted unpredictable shapes.

The HA-PEGDE-ITA solution was also highly viscous. However, it had a
consistency that was gel-like instead of a sticky slime (which was the case for HA-PEGDE-
TA). Figure 13B shows the materials in a Petri dish covered with parafilm after casting.
The material was not uniform because I tried to press it with a flat heavy object (a beaker
containing Drierite desiccant) to produce a thinner flat film. As can be seen, this method
did not work because when I removed the beaker, some parts of the film were pulled away
creating an uneven surface. The second fabrication method I tried was spin processing,
shown in Figure 13C and Figure 13D. This method produced a circular and uniform film.
However, after spinning was complete the solvent was not completely evaporated (Figure
13D). For this reason, the material needed to be placed in a fume hood for 24 h and then
washed to obtain a flat film, as shown in Figure 11B. The wash was important because
unreacted compounds remaining in the film can lead to undesired texture, as seen in Figure
13C, and potentially cause cytotoxicity. Importantly, the use of the parafilm cannot be
eliminated because even though it is possible to form an even shape without it, it is almost

impossible to peel the materials from a Petri dish without breaking them.
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Figure 13: Solution casting and spin coating of HA crosslinked films. A) HA-
PEGDE-TA hydrogels cast on a 6 well plate. B) HA-PEGDE-ITA film without addition
of colour cast on a Petri dish. C) Spin processed HA-PEGDE-ITA film after drying for
24h in a fume hood (without wash). D) Hydrated and coloured HA-PEGDE-ITA film
after spin processing.

3.6 Discussion

3D bioprinting is one of the most promising manufacturing technologies in the
interdisciplinary field of tissue engineering. Its applications range from the production of
artificial skin tissue to other types of organs and more [121]. Advantages of 3D bioprinting
include the possibility of achieving high throughput manufacturing, a high level of
reproducibility, and a shorter production cycle than other methods [118]. Therefore, it was

an exciting option for the production of the HA-PEGDE-ITA film. Using the RX-1 3D-

bioprinter from Aspect Biosystems, I tried to print crosslinked HA films. However, this
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was not possible because of the high viscosity of the solution and for this reason I
eliminated this fabrication method as one of the options for this project.

As noted in the previous section, solution casting was the cheapest and fastest
method. This method only required the crosslinked HA solution to be placed in a mold
without any extra equipment required. However, due to the high viscosity of the HA
solution, it did not produce a thin and uniform film (Figure 13A and B). A thickness similar
to the native human TM was the goal, which meant that [ needed to form a film of around
30 to 120 um in thickness [11].

The last method I tried was spin coating, which in theory was the ideal fabrication
method because by definition it produces thin and uniform films [122]. The issue with this
method was that many different parameters (e.g., amount of solution, viscosity of the
solution, velocity of rotation, acceleration, and time) determine the specific thickness of
the film. There are available models to predict the film thickness as a function of certain
physical parameters [123], for which the viscosity of the material needs to be obtained. To
avoid those measurements, I decided to determine the parameters by experimentation. As
expected, with lower velocity and acceleration, I could obtain thicker films. With the
parameters disclosed in the materials and methods section of this chapter, I obtained an
estimated thickness of around 30 um (Figure 13C and D). Exact thickness measurement of
the HA-PEGDE-ITA film will be introduced in the next chapter. Spin processing also
allowed me to obtain an HA-PEGDE-ITA film of even thickness across its surface.
However, the solvent was not completely evaporated at the applied velocity [117] and the

material needed to be completely dry before use.
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Thus, a combination of spin coating and solution casting was chosen to produce the
final HA-PEGDE-ITA film. By doing so, a uniform and thin film was obtained. Then, by
letting the solvent evaporate in a fume hood, the material adopted its final shape, and all

that was left to do was washing to remove any unreacted crosslinking reagents.
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Chapter 4. Characterization of the HA Crosslinked Film

After the crosslinked HA had been synthesized and the films had been fabricated
(Figure 14), material characterization was performed. The goal of the characterization was
to determine which formulation was best with respect to the design features described in
Table 1. Furthermore, I wanted to further assess chemical composition, water absorption,
and degradation to be able to later evaluate if the material had potential to be applied in the
repair of a TMP. In this chapter, Fourier transform infrared (FTIR) analysis was used to
determine whether the chemical crosslinking worked as desired. I also wanted to determine
whether crosslinking HA reduced its swelling ratio and increased its stability in a
physiological relevant liquid (such as water or PBS). Therefore, I conducted a swelling
analysis to obtain the swelling ratio of the material and a degradation analysis to quantify
how much of the material was lost after 21 days in PBS. Additionally, thickness values for

the films were measured using a profilometer.

Figure 14: HA-PEGDE-ITA film fabricated by spin coating and solution casting
and cut to size. Here the material is in its dried state where it is transparent and flexible.
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4.1 FTIR Analysis

To determine the chemical bonds formed during the crosslinking of HA with
PEGDE and ITA, FTIR spectroscopy was used. FTIR is one of the most widely used
techniques in the characterization of crosslinked biomaterials [83], and is appropriate for
films. Using FTIR, it was possible to detect the characteristic peaks of unmodified HA and
compare the spectra with crosslinked HA to determine if the predicted bonds were
produced by crosslinking HA with PEGDE. As described in detail in chapter 2, PEGDE is

expected to form ester and ether bonds, and ITA is expected to form ester bonds.

4.1.1 Materials and Methods

The presence of vibrational modes of functional groups attributed to the
crosslinking of HA with PEGDE and ITA were analyzed by attenuated total reflectance
FTIR spectroscopy (ATR-FTIR). ATR provides an enhanced surface sensitivity compared
to just using FTIR. For this, Nicolet iZ10 MX integrated FTIR spectrometer (Thermo
Fisher Scientific) and the Smart iTX ATR sampling accessory (Thermo Fisher Scientific)
were used. For the preparation of the unmodified HA sample, HA was dissolved in distilled
water to a final concentration of 2% w/w. Once the HA was dissolved and formed a gel-
like solution, it was cast in a Petri dish and placed in a convection oven at 37°C for one day
to evaporate the solvent. To prepare samples of HA-PEGDE-ITA and unmodified HA for
FTIR analysis, films were cut into 5x10 mm swatches. Before cutting the HA-PEGDE-ITA
films, they were washed again with distilled water to remove residual salts from the PBS.
The swatches were placed on an aluminum coated ATR slide and fixed with adhesive tape.
Three spectra for each sample were collected in ATR mode using a Slide-On ATR

objective with a conical germanium crystal. The MCT detector was cooled with liquid
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nitrogen. The spectra were collected by varying the contact pressure between the crystal
and the films. Nine scans were collected for each spectrum between 800 cm™ and 3800 cm™
!'with a resolution of 2.00 cm™'. Data viewing, post-processing and analysis were performed
using OMNIC® software.
4.1.2 Results

Figure 15 shows the FTIR spectra obtained for unmodified HA and HA-PEGDE-
ITA. Unmodified HA has a strong absorption band at 3291 cm’!, suggesting -OH and -NH
stretching vibrations. The band at 2889 cm™ suggests -CH symmetrical and -CH»
asymmetrical stretching. The bands at 1150 cm™, 1035 cm™ and 947 cm™! are typical for
carbohydrates, and the bands at 1608, and 1376 can be assigned to amide I, I and III. These
characteristic peaks coincide with those found in literature for HA [124]. In the FTIR
spectra for HA-PEGDE-ITA, additional bands were present that were not seen in the
unmodified HA. These bands were at 1744 cm’!, suggesting C=0 stretching that belongs
to the ester compound class, and at 1252 cm™!, suggesting C-O stretching that belongs to

the ether compound class [125].
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Figure 15: ATR-FTIR spectra of unmodified HA (top) and HA-PEGDE-ITA
(bottom).
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4.2 Thickness and Swelling Analysis

Determining the film thickness is essential to see if the spin processor parameters
are appropriate for achieving the target film thickness of around 30-100 pm. Furthermore,
it helps to determine if there is significant batch-to-batch variability of the HA-PEGDE-
ITA films. To measure the thickness of the material, an optical profilometer was used. The
advantages of using this instrument are its speed, reliability, resolution, spot size and that
it does not touch the surface of the material, i.e., the material will not be damaged [126].
The principle of the optical profilometer is to scan a surface with an incident light source
and measure the emissive, reflective, or refractive light to acquire information about the
surface [127]. For this reason, it is also able to measure surface profiles and roughness of
the HA material.

The swelling behavior of a polymer is correlated with the degree of
crosslinking [128]. When a polymer is crosslinked there is a decrease in free space for
water absorption [113]. Therefore, poorly crosslinked polymers will display greater
swelling. Swelling can be simulated in the laboratory by soaking the material in a defined
volume of fluid. For this, water is usually used as the test fluid [89]. However, for my
experiments I decided to use PBS at 37°C because I wanted to model physiological
conditions. PBS is a buffer solution commonly used in biological research because its

osmolarity, ionic concentration and pH are similar to those of human body fluids [129].

4.2.1 Materials and Methods
Profilometry measurements were obtained with a Profilm3D® from Filmetrics. For
preparation of the HA-PEGDE-ITA sample, the film needed to be deposited onto a glass

substrate. The reason for this step was to have a flat surface on the bottom of the sample
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material for reference. For the substrate, it is recommended that glass is used for two main
reasons. The first reason is that glass is flat, which is necessary for obtaining reliable
results. The second reason is that it is a clear material that lets light pass through it. To
attach the HA-PEGDE-ITA film to the glass, the film was first immersed in distilled water
until it was swollen and was then transferred to the glass. Here the film was deposited onto
the glass and left to dry until the liquid evaporated (~ 1 day). I measured the thickness of
three different batches of HA-PEGDE-ITA that were produced using the spin processor
parameters presented in the previous chapter. The data analysis and visualization of the
surface of the films was performed using Profilm® software.

The swelling ratios of the films were examined using PBS at 37°C as the swelling
medium to mimic the physiological conditions of the human body. Disc samples of the
HA-PEGDE-ITA films were cut using a 6 mm diameter biopsy punch. The swollen discs
were removed, their diameter measured using a digital vernier caliper (Dwe:) and
weighed (W) after excess water on the surface was removed. The films were then washed
with distilled water to remove any remaining salt and dried at 40°C for 24 h. For this an
oven was used instead of the fume hood to remove the water faster. The films were then
re-measured (Dg-) and re-weighed (Wa,). The swelling ratios according to the measured

diameters and weights were calculated with the following equations (1) and (2) [84]:

mm Dwet — Dary
Swelli ti =
welling ratio (mm) Dary (1)
. . mg Wwet - Wdry
Swelling ratio (—) = 2
g mg Wary &

For this analysis, three independent experiments were performed in triplicate. The swelling

was analyzed for a period of 4 h, and at each hour the discs were measured for diameter
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and weight (Dwes and W..). Statistical significance was determined using one-way
ANOVA with pairwise Tukey-Kramer post-hoc analysis, p<0.05 using Microsoft Excel.
4.2.2 Results

The final thickness of the HA-PEGDE-ITA films is shown in Figure 16. As can be
seen, a thickness of 25 pum is achieved with the parameters I selected for spin coating.
Moreover, the line profile demonstrates that the film has a constant thickness around the
measured area. The 3D view also provides a visual representation of the film and shows
that the surface of the material is smooth with only some circle-like shapes present
attributed to air bubbles that were not possible to remove when preparing the sample for
analysis on the profilometer. Measuring the thickness by profilometry over three different

batches gave an average thickness of 25.3 £ 0.5 um.
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Figure 16: Thickness measurement of HA-PEGDE-ITA films using an optical
profilometer. Visualizations are from the top view of the film (where it is also possible
to see the roughness of the material), the line profile shows how much the thickness
changes, and a 3D is shown across the sample.
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Swelling analysis was first performed for HA crosslinked with PEGDE and TA.
The results of this experiment are shown in Figure 17A. Here the swelling ratio was taken
after 1 h of immersion of the HA-PEGDE-TA hydrogels in PBS at 37°C. After the
optimization I did to the protocol described by Lee et al., i.e., to reduce the concentration
of HA and increase the degree of crosslinking (by increasing the molar ratio of crosslinker
to HA), I was able to reduce the swelling ratio from 40 [84] to 11.57. Also, the results show
that with increasing concentration of TA in the reaction, the swelling ratio was reduced.
Figure 17B shows how much the volume of the PEGDE-crosslinked HA increases after
swelling. A disc of 6 mm in diameter immersed in 1 ml of distilled water increased 5 times
in diameter. Additionally, this disk had a maximum absorption of 2 ml, which made it
increase 7.4 times in diameter. This demonstrated that crosslinking of HA with only
PEGDE allows the material to swell and increase considerably in size in an aqueous
environment.

Moving to the swelling analysis performed with HA-PEGDE-ITA films (Figure
18A), it was observed that the material still swelled, but less so compared to the HA-
PEGDE-TA material. For ITA crosslinking, the average swelling ratio in terms of weight
was 2.21 £0.12 and in terms of diameter was 0.20 & 0.02. Moreover, the statistical analysis
suggested that there was no significant difference in swelling after 4 hours. Looking at the
swelling ratios of HA-PEGDE, HA-PEGDE-TA at different TA concentration, and HA-
PEGDE-ITA after 1 hour of immersion in PBS at 37°C, it is evident that ITA crosslinking
results in the least swelling of the conditions examined. The swelling ratio for ITA was at

least 5 times smaller than the lowest observed swelling ratio for TA (Figure 18B).
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A Sample Swelling ratio [mg/mg] B

HA-PEGDE 39.78
0.05% TA 37.37
0.1% TA 35.47
0.15% TA 31.44
0.2% TA 11.57

Figure 17: Swelling analysis of the crosslinked HA-PEGDE and HA-PEGDE-
TA films. A) Swelling ratio values of HA-PEGDE-TA films at different TA
concentrations. All measurements were taken after 1 hour of immersion in PBS at 37°C.
B) Visual inspection of the swelling behavior of the crosslinked HA-PEGDE film.
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Figure 18: Swelling analysis of the crosslinked HA-PEGDE-ITA film. A)
Degradation and swelling assays for crosslinked HA-PEGDE-ITA films measured in
terms of weight suggesting a successful crosslinking reaction. Error bars show standard
deviation between the triplicates. No significant differences were found in terms of
swelling ratio and time of immersion by one-way ANOVA, p<0.05. B) Comparison of
swelling ratios between crosslinking of HA-PEGDE, HA-PEGDE-TA at different TA

concentrations, and HA-PEGDE-ITA. All swelling ratios were taken after 1 hour of
immersion in PBS at 37°C.

4.3 Degradation Analysis

The final characterization method I carried out was degradation analysis. As
mentioned before, HA in its natural state, i.e., unmodified HA, degrades rapidly in vivo. Its
half-life ranges from 2 to 5 min in the bloodstream, and the half-life in the epidermis of the

skin extends to 1 to 2 days [83], [130], [131]. Here, the highest degree of crosslinking
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produces the most stable film [93]. To make this analysis physiologically relevant, I placed
the film in an environment similar to the ear canal by immersing it in a solution of saline
and antibiotic used as ear drops after a myringoplasty and/or tympanoplasty at 37°C.
Additionally, I also decided to submerge the crosslinked HA films in PBS at 37°C. I
decided to work with dry weights of the films because their measurement was more reliable
than when wet. Wet weights can vary depending on how much liquid is retained on the

surface.

4.3.1 Materials and Methods
The weight change of the film in the PBS at 37°C was measured at 1, 3, 7, 14 and

21 days. The remaining weight was calculated according to:
. , Wi
Remaining weight [%] = WX 100 3)
o

where, W, is the initial weight of the dry film and W is the weight of the dry film
after degradation time ¢. Films were washed with distilled water to remove salts from the
PBS and dried in an oven at 40°C for a specified time. I compared the different formulations
to select the one that degraded the least by 14 days, the average time it takes for a wound
to heal [50], [10].

For the experiments using antibiotic droplets, Sandoz®
Cirpofloxacin/Dexamethasone, an antibacterial corticosteroid, was used. I respected the
instructions of how to apply them as presented on the product sheet provided by the
manufacturer, specifically the droplets should be added twice per day with 4 drops each
time over 7 days. I monitored the weights at the time intervals of 1, 3, 5 and 7 days. To

calculate the remaining weight, Equation (3) was used.
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Statistical significance for the remaining weight of HA-PEGDE-ITA films was
determined by one-way ANOVA with pairwise Tukey-Kramer post-hoc analysis (p<0.05

was considered significant) in Microsoft Excel.

4.3.2 Results

For HA-PEGDE-ITA in PBS at 37°C, there was a slight but significant decline in
the remaining weight starting at day 14. After 21 days, the material lost 5% of its total
weight (Figure 19A). This loss of weight did not decrease the functionality as measured by
the shape and handling properties with tweezers. For HA-PEGDE-ITA films in antibiotic
solution, there was a minor increase in weight by day 7 (Figure 19B), likely due to the
solids present in the antibiotic solution. It should be considered that for weighing the films,
they were always washed after the specific time immersed in either PBS or antibiotic
solution to remove residual salts. Even though this was done, it was not possible to remove
all the solids/particulates from the antibiotic which explains the slight increase in weight.
After a period of 7 days, it was clear that the material did not degrade in the antibiotic
solution, which had a pH of 5. Thus, the material is stable in acidic conditions. Furthermore,
the material did not become brittle or more fragile after immersion in the antibiotic solution
as tested by handling the material with tweezers.

In Figure 20, a comparison of the degradation analysis between HA-PEGDE, HA-
PEGDE-TA with the different TA concentrations (0.05%, 0.1%, 0.15% and 0.2%), and
HA-PEGDE-ITA is presented. There was significant degradation for crosslinking with TA

on day 4 with the remaining weight being only 15% and 30% for 0.2 and 0.15% TA,
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respectively. This suggests that crosslinking with TA leads to a fast-degrading material

compared to crosslinking with ITA.
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Figure 19: Degradation analysis of HA-PEGDE-ITA films. A) Remaining weight
when immersed in PBS at 37°C for a period of 21 days. B) Remaining weight when
immersed in antibiotic solution at 37°C for a period of 7 days. Error bars show standard
deviation. *Indicates statistical significance as determined using one-way ANOVA and
Tukey-Kramer post-hoc analysis (p<0.05).
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Figure 20: Comparison of remaining weights for HA-PEGDE, HA-PEGDE-TA
at different TA concentrations, and HA-PEGDE-ITA films after immersion in PBS at
37°C. Error bars show standard deviation.
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4.4 Discussion

Degradation and swelling analysis showed that films crosslinked with TA degraded
after 4 days and presented a swelling ratio of at least 11 (Figure 17, Figure 18B and Figure
20). What could have happened is that the PEGDE and TA were not able to interact
properly, and thus, the physical crosslink was not occurring as expected. Significantly, the
ratio of PEGDE:TA establishes the bonding efficiency between these two compounds; at
low concentrations of TA, the interaction between TA and PEGDE is strong, nonetheless,
when the content of TA increases meaningfully. Thus, TA cannot effectively interact with
the PEGDE chain in the hydrogels [120], and this could result in a rapid TA release and
post-swelling effect. For TMP repair, films need to be stable and not swell more than 5-
fold with respect to their initial weight or size as the objective of this project was to
fabricate a film that acts as a scaffold for cells and not to produce a crosslinked HA material
that is acting as a packing material with its big volume covering all the ear canal. To fulfill
this goal, the crosslinked HA should be able to retain water and support the proliferation
of cells but not increase too much in size. A great example to visualize this point is to think
about contact lenses. These are made of a polymer that swells when immersed in water,
but their size does not increase very much.

When using ITA as the second crosslinker for HA, the results were clearly different
than with TA. Here, degradation analysis showed that the films were stable for a period of
21 days losing a weight of 5% (Figure 19). This degradation began only after day 14 and
didn’t influence the functionality of the film. This result is viewed favorably because,
according to literature, 14 days is the average time it takes a wound to heal [50], [10]. Thus,

the degradation of the crosslinked film is likely to happen after the wound has already
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healed. For the case of the swelling analysis, the swelling ratio was 2.21 + 0.12 in terms of
weight and 0.20 = 0.02 in terms of diameter (Figure 18A). These results suggest an
effective crosslinking reaction that is able to produce films with a defined shape that will
not increase drastically in size when immersed in water or another liquid. In conjunction,
the findings reported in the results suggest that the crosslinking reaction using ITA as the
second crosslinker was successful in avoiding rapid dissolution of unmodified HA films in
PBS at 37°C. Therefore, PEGDE and ITA were efficient HA crosslinkers providing a
highly stable material that was still able to swell. These qualities make the HA-PEGDE-
ITA films a viable material for TMP repair.

The films crosslinked with TA were not analyzed by FTIR, as their physical
properties proved to be inappropriate for TMP repair. On the other hand, for the HA-
PEGDE-ITA film, the expected ester and ether bonds were formed, which suggests that the
crosslinking reaction was successful (Figure 15). To standardize this for future use, the
degree of crosslinking could be quantified using NMR spectroscopy.

Finally, the thickness analysis showed that I was able to form even films with a
thickness of 25.3 + 0.5 um (Figure 16), with measurements over different batches. Thus,
the chosen parameters for spin coating were appropriate to produce HA-PEGDE-ITA films
for TMP repair. What should be noted is that the measurement of the thickness of the films
was carried out when they were in a dry state. After immersion in an aqueous solution, the
thickness should increase to some extent due to swelling. The exact increase was not
obtained because when the sample (i.e., HA-PEGDE-ITA) was wet, it was not laying
completely flat on the glass substrate. However, based on the swelling analysis I conducted,

the thickness of the hydrated films should be in the range of the human TM (30-100 pm).
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Chapter 5. Functionalization of HA Film with Coll Fibers

As presented in chapter 1, Coll was selected to functionalize crosslinked HA films
because of its biocompatibility and low immunogenicity in addition to its ability to promote
hemostasis and accelerate wound healing through cell proliferation, migration, and
angiogenesis [132]. Coll will be employed in fiber form since the fibrillar structure of Coll
is important for cell adhesion, alignment, proliferation and migration of various cell types
[133]. Moreover, there is growing evidence that the topography of the collagen substrate

also influences cell polarity, shape, and differentiation [134].

5.1 Production and Attachment of Coll Fibers

The production of Coll fibers is difficult since it suffers from low throughput along
with manufacturing and scaling challenges. The leading choice for fabrication of fibers in
tissue engineering applications is electrospinning [135]. In this method, high voltage is
applied to the liquid solution (i.e., polymer solution) and a collector, which lets the solution
pass through a nozzle to form a jet, which enables elongation into a fiber that is deposited
on the collector [136].

One of the major benefits of electrospinning is that it takes place at room
temperature, providing an increased range of bio-active molecules that can be incorporated.
In particular, electrospinning of collagen has attracted attention because it is possible to
produce nanofiber structures that resemble native collagen fibrils. Furthermore,
electrospinning offers the possibility to customize the porosity, structure, and orientation
of the Coll fiber network [137]. Nevertheless, this manufacturing process has some
important limitations, such as the requirement of highly specialized electrospinning

equipment, frequent spinneret nozzle clogging, use of high voltages and use of hazardous
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solvents. Finally, this process also exposes collagen to high shear forces, that can limit its
ability to self-assemble into a stable conformation [138]. Therefore, the electrospun Coll
fibers must be crosslinked before use as a biomaterial to prevent collagen dissolution in
aqueous environments [137]. These limitations have been reported to affect the integrity
and bioactivity of the collagen fibers scaffolds [139]. The contact drawing method
developed by the Frampton Lab provides a feasible alternative for Coll fiber production
since this method allows the formation of hundreds to thousands of biomaterial fibers at

room temperature in seconds without the need for any specialized equipment [82].

5.1.1 Contact Drawing

For the contact drawing method, a polymer able to produce fibers and a bioactive
molecule, in this case Coll, is needed to make a viscous solution. This solution is then
deployed to a substrate tool, and contact between a pin array and the solution established.
Afterwards, the pin tool and the solution substrate are pulled apart to elongate the fibers.
Lastly, the dry fibers are suspended over a hollow collector box [140]. This procedure
should be repeated until the necessary number of fibers are obtained. As a result, the contact
drawing system only comprises a hollow collector, a pin array tool for nucleating the fibers,
and a substrate tool for retaining the polymer solution. Polymer entanglement acts as the
driving factor behind the fiber formation in this process [141]. Thus, the polymer that is
chosen must be at a suitable high concentration to ensure chain entanglement. Polymer
entanglement causes the creation of numerous liquid bridges when the contacting element
(i.e., pin array) is quickly removed from the solution. These liquid bridges are subsequently
pulled into fibers [141]. The selected polymer for this project was polyethylene oxide

(PEO), because it allows fibers to form from a solution of PEO-Coll containing as low as
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0.5%wt PEO. This enables the production of dry PEO-Coll fibers with mass fractions of
more than 90% collagen [133]. Importantly, the PEO can later be removed through
hydration of the fibers, leaving behind a fiber comprised of Coll.

There are several advantages of using the contact drawing method instead of
electrospinning. First, the former is a process free from clogging issues because it does not
require a nozzle to extrude the polymer, which also means that viscosity is not as much of
a problem. Second, no voltage needs to be applied to the polymer solution during the
fabrication process; hence, issues with denaturation of biological molecules are avoided.
Third, the method does not require complex equipment and can safely incorporate
biomolecules [82], [133], [137]. Since elongation of the fibers requires only a simple linear
translational motion and the number of fibers generated with each elongation cycle is
related to the number of pins on the pin array tool, the contact drawing approach is suitable
for automation and scalability.

5.1.2  Track Spinning

The contact drawing method can be automated using track spinning devices. The
term track spinning was given by Jao and Beachley [142], who described it as the
automation of a simple mechanical process that produces linearly aligned fiber networks
with integrated postdraw processing and control over fiber placement in the secondary
assembly. In essence, this method produces fibers by the same principles of contact
drawing but in an automated fashion. The track spinning device is made up of two angled
rotating tracks that touch at the top, each powered by a stepper motor, and a polymer
solution distributed on one of the tracks. Fibers are continuously spun by direct contact of

the polymer solution-coated tracks followed by mechanical drawing as the distance
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between the tracks increases (Figure 21). To control the production of fibers (i.e., final
fiber length and fiber draw rate), there are three different parameters of the machine that
can be adjusted: 1) the angle of the tracks, 2) the vertical collection distant from the apex

of the tracks, and 3) the track speed [142].

Figure 21: Track spinning device. A) Image of the spinning device with
collection rack and adjustable stage placed between the two rotating tracks. B) Track
spinning device with pin array tool attached to one of the tracks. C) Spinning system
drawing and stretching an array of aligned fibers. Reprinted with permission from
American Chemical Society, obtained from [142]. Copyright © 2019; permission
conveyed through RightsLink by Copyright Clearance Center, Inc.

5.1.3 Materials and Methods

The track spinning device was used to produce the Coll fibers for attachment to the
HA-PEGDE-ITA film and was accessed at 3D BioFibR™ Inc. The parameters that were
selected to produce the Coll fibers (including crosslinking with UV-C) were previously
optimized by the company. The only optimization I made concerned the attachment of the
Coll fibers to the films. It was decided to pull the fibers in two directions, horizontally and
vertically, to promote cell attachment and migration in more than one direction. Moreover,
four different fiber densities were produced to later analyze if the fibers increased the

strength of the material, in addition to analyzing how the cells behaved with different
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amounts of fibers on the crosslinked HA film, i.e., to determine if having more Coll fibers
leads to the attachment, proliferation and migration of more cells. The fiber density scales
with the number of pulls across each film and each pull corresponded to one cycle of the
track spinning device and one layer of fibers. The Coll fiber densities corresponded to 0
pulls (which was a control just having the HA-PEGDE-ITA film), 25 pulls, 50 pulls and
100 pulls.

For the preparation of the PEO-Coll solution, the protocol was as follows. PEO
(8MDa, Sigma-Aldrich) was dissolved to a concentration of 1:1 weight ratio in type I
bovine collagen (6 mg/ml in 0.02M acetic acid, Collagen Solutions) by stirring with a metal
spatula for around 1 min, followed by light shaking at 4°C. Every 24 h, the solution was
mixed again with the metal spatula until a homogeneous solution was formed (normally
after 72 h of shaking at 4 °C). Thereafter, the solution was allowed to remain at 4 °C for
24 h to eliminate any air bubbles introduced during stirring and shaking. The PEO-Coll
solution was then warmed to room temperature for 15 min before being utilized for fiber
contact drawing.

Once the solution was ready, the next step was to produce the Coll fibers with the
track spinning device and to assess the attachment to the HA-PEGDE-ITA film. First, HA
films were immersed in distilled water. Once swollen, excess water was removed using a
Kimwipe. Then, swollen HA films were placed on a platform covered with parafilm that
was located on the adjustable stage between the two tracks, and 1 ml of the PEO-Coll
solution was spread over the track without the pins using a wooden craft stick. Next, the
program optimized by 3D BioFibR™ Inc. consisting of a 90° rotation every pull using a

motor beneath the platform was run for the desired number of pulls. This rotation produced
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the two alignments of Coll fibers (horizontal and vertical). Coll fibers were pulled directly
on top of crosslinked HA films. This process was performed at room temperature and
relative humidity <40% (measured by a digital hygrometer). When the pulls were finished,
the produced scaffolds (i.e., HA-PEGDE-ITA films with Coll fibers) were UV-C treated
(UVP Crosslinker; Geneq inc.) for ~30 sec to a fixed energy value of 200 mJ/cm? to
crosslink the collagen fibers and prevent their degradation. Then, the scaffolds were left

for ~24 h at room temperature to let the fibers completely dry.

5.2 Characterization of the HA-Coll Scaffolds

As previously mentioned, the goal of the Coll fiber attachment was to improve cell
adhesion on the crosslinked HA film. Before these cell studies could be conducted,
however, the new produced scaffolds needed to be further characterized to ensure that the
Coll fibers were attached to the film surface. Additionally, mechanical testing needed to
be conducted to measure the tensile properties of the crosslinked HA material with and
without the Coll fibers. Collagenase analysis and tensile tests were conducted for this
purpose.

5.2.1 Collagenase Analysis

HA-Coll scaffolds with a total of 50 fiber pulls in one direction were cut using a 6
mm diameter biopsy punch and were placed in a 24 well plate. Only this condition was
chosen to clearly visualize the fibers during the collagenase analysis as the main objective
was to determine if the present fibers were collagen. For this analysis, it was not relevant
to use different fiber densities. The samples were incubated with collagenase IV (200 U/mL
prepared in Hanks Balanced Salt Solution (HBSS), Thermo Fisher Scientific) to confirm

that the features apparent in brightfield images attributed to Coll fibers were indeed
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attached collagen fibers rather than imprints left behind from contact of fibers that later
lifted off or dissolved. First, the samples were rehydrated in PBS for 30 min and then
brightfield images were collected using a Nikon Eclipse Ti microscope. The wash removed
the PEO from the fibers. Later, the samples were treated with collagenase IV for 30 min at
37°C. After incubation with collagenase, another set of brightfield images were collected
to determine if any Coll fibers remained on the HA-PEGDE-ITA film. Samples exposed

to HBSS without collagenase served as controls. This experiment was done in triplicate.

5.2.2 Mechanical Testing

Mechanical tests were conducted under dry conditions to further assess handling
properties during cutting to the required size and under wet conditions as would be present
during application and following surgery to repair a TMP for materials formed from 100
fiber pulls. HA-PEGDE-ITA films were also tested without fibers to characterize their
baseline tensile properties. Coll fiber densities corresponding to 25, 50 and 100 pulls were
analyzed under wet conditions to determine the effect of fiber density on tensile properties.

For mechanical testing, samples were examined using a Mark-10 F105-IM
(TEquipment) mechanical testing system. Samples from each condition were prepared by
cutting rectangular strips of 0.5 cm x 4 cm, with care taken to avoid introducing any
imperfections that could lead to breakpoint artifacts and premature material failure.
Samples with imperfections were discarded. To mount a strip of material for the tensile test
while keeping the distance between the grippers of the machine at a fixed length, the strip
was first affixed to a C-shaped cardboard cut-out by adhering 1 cm of each end of the strip
to the cardboard using tape, leaving 2 cm of the strip suspended between the top and bottom

of the cardboard form (Figure 24A). Next, one end of the cardboard cut-out containing the
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strip was placed into the top grip of the Mark-10, and the procedure was repeated for the
bottom gripper. All samples were tested until failure at 30 mm/min at room temperature
and ~50% relative humidity in a location with minimal vibration. IntelliMESUR software
was used to run the testing protocol and record force-displacement data. The thickness of
the strips was measured using the optical profilometer, as described in the previous chapter.
The average thickness of the crosslinked films was 25 pm, which was used to calculate the
cross-sectional areas for computing the stress o with F' denoting the force and 4 denoting
the cross-sectional area of the film (Equation (4) [143]).
c=F/A 4)
The cross-sectional area was calculated using Equation (5) [143] with wyu, denoting
the width and #7;» denoting the thickness of the film.
A = Wrim * tritm (5)
For calculating the strain ¢, Equation (6) [143] was used. Here, AL denotes the
change in length during the test and Ly the initial length of the film.
e= AL/L, (6)
From the tensile stress-strain curves, the elastic modulus, tensile strength, and
ultimate strain were determined. The elastic modulus E was determined using Hooke’s
Law from the stress-strain curve by calculating the ratio of stress to strain [143], i.e., the
slope of the linear region at the beginning of the curve (Equation (7)).
E=o0/¢ (7)
To compare different film conditions with and without Coll fibers in their dry and
wet states, one batch of HA-PEGDE-ITA was tested in triplicate, while to compare

different fiber densities, three different batches of HA-PEGDE-ITA were tested in
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triplicate for each batch. Thus, a total number of nine replicates was used for each fiber
condition. Statistical significance was determined using two-way ANOVA for the different
film conditions in their dry and wet states and with and without Coll fibers (100 pulls), and
using one-way ANOVA for the different Coll fiber densities, both with pairwise Tukey-
Kramer post-hoc analysis using Microsoft Excel with p<0.05 considered statistically

significant.

5.2.3 Results

The track spinning process generated Coll fibers that were attached to the HA-
PEGDE-ITA film as shown in Figure 22A. These fibers did not lift from the surface of the
HA film, even when transported or subject to air currents (Figure 22B). Fiber alignment
was in two directions, horizontally and vertically, and it was maintained through the series
of wash steps used to prepare the scaffolds for the experiments. Automation of the contact

drawing process proved to be reproducible for production of HA-Coll scaffolds.

Figure 22: HA-Coll scaffolds. A) HA-PEGDE-ITA film after pulling Coll fibers
by track spinning. As can be observed, the Coll fibers were pulled in two directions and
were successfully attached to the film. B) Post processing of the scaffold. The scaffold
was cut in different shapes based on experimental needs. All steps to deposit Coll fibers
were performed in a biosafety cabinet to maintain aseptic conditions.
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For the collagenase analysis, brightfield images demonstrated that treatment with
collagenase IV resulted in rapid degradation of the Coll fibers (Figure 23). These findings
demonstrate that the features on the surface of the HA film were attributed to Coll fibers

rather than to imprints left behind by fibers that later lifted off the surface or dissolved.

Before Collagenase IV After Collagenase IV

Figure 23: Collagenase analysis. Representative phase contrast images of Coll
fibers on an HA-PEGDE-ITA film. The image on the left is a scaffold after hydration.
Thus, the PEO was already removed from the Coll fibers. The image on the right was
taken after collagenase IV digestion. Images demonstrate the presence of fibers made of
Coll.

Tensile stress-strain curves are presented in Figure 24B. The dry HA-PEGDE-ITA
films and dry HA-Coll scaffolds (with 100 pulls) presented elastic behavior and possessed
tensile strengths of more than 42 MPa with an ultimate strain of around 10.37 + 3.47 %.
On the other hand, the wet materials displayed plastic behavior, with a strain of

~22.03 = 0.89 % but a lower tensile strength of 9.6 = 0.57 MPa.
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Figure 24: Mechanical testing of HA-Coll scaffolds. A) Set-up for the tensile test.
For this experiment, the scaffold was cut in 0.5 cm x 4 cm rectangular strips. One cm of
each end was held by the grippers of the mechanical testing machine. Scaffold were then
pulled until failure. B) Representative stress strain curves until failure for the different
conditions; wet and dry and with and without Coll fibers (100pulls).

The tensile properties of the films are presented in Figure 25. There were no
significant differences between films with fibers and those without fibers in terms of the
elastic modulus. Nevertheless, there was a significant difference in elastic modulus
between the dry and wet states with the wet state having lost its stiffness. Thus, no further
evaluation of the elastic modulus was conducted for the wet state. In terms of tensile
strength, there was a significant difference between films with Coll fibers and those
without Coll fibers in both the dry and wet states. By adding Coll fibers, the tensile strength
increased from 56.76 + 2.21 MPa to 126.31 + 12.36 MPa for the dry state and from 3.60 +
0.33 MPa to 9.60 + 0.57 MPa for the wet state. Finally, in terms of ultimate strain, there
was a significant increase between films with Coll fibers and those without Coll fibers in

the wet state, with an increase from 16.71 £ 1.66 % to 22.03 + 0.89 %.
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Figure 25: Comparison of the characteristic mechanical properties for the
different film conditions in the wet and dry states and with and without Coll fibers (100
pulls). A) Elastic modulus, B) tensile strength, and C) ultimate strain as evaluated from
stress-strain curves. Error bars show standard deviation. *Indicates statistical
significance as determined by two-way ANOVA and pairwise Tukey-Kramer post-hoc
analysis (p<0.05). Here, one batch of HA-PEGDE-ITA was used in triplicate for each
condition.
An additional analysis was performed to evaluate the tensile strength and ultimate
strain for different Coll fiber densities but only for samples in the wet state (Figure 26).
There was a significant increase in the tensile strength (6.84 =2.02 MPa) for films with
100 layers of fibers relative to films without Coll fibers and films with only 25 layers of
fibers (3.78 £ 1.56 MPa and 4.58 £ 1.16 MPa, respectively). The ultimate strain was

significantly higher for films with 100 layers of fibers relative to films without fibers

(23.88 +2.91 % and 18.11 + 6.07 %, respectively).
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Figure 26: Comparison of the mechanical properties of films with different fiber
densities. A) Tensile strength and B) ultimate strain as evaluated from the stress-strain
curves. Error bars show standard deviation. *Indicates statistical significance as
determined by one-way ANOVA and pairwise Tukey-Kramer post-hoc analysis
(p<0.05). Here, three different batches of HA-PEGDE-ITA were used in triplicate for
each batch. Thus, a total number of nine replicates was conducted for each condition.

5.3 Discussion

Coll fibers were attached to the crosslinked HA films to functionalize them for cell
growth (as will be assessed in Chapter 6. In vitro Evaluation). The results showed that the
optimization of the attachment worked as the fibers did not lift from the surface of the HA
film (Figure 22). Attachment of the Coll fibers to the film was likely mediated by the
PEGDE crosslinker [144], and swelling/water content likely also played a role in Coll fiber
adhesion [128]. It should be noted, however, that it was important to remove excess water
from the surface of the film to prevent the PEO-Coll fibers from partially solubilizing and
fusing with each other as they were deposited. It is also important to note that the 3D
BioFibR™ Inc. protocol calls for stabilization of the PEO-Coll fibers through additional
UV-C crosslinking, which also serves to sterilize the material for cell culture. UV-C refers
to ultraviolet light with wavelengths between 100-280 nm and is principally known for

sterilizing air, water, and surfaces [145]. UV-C can crosslink collagen by making covalent

bonds between the collagen fibrils, and it has been demonstrated that UV-C crosslinking
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of collagen does not affect its biological functions (cell attachment, migration, and
proliferation) [146]. Taking all the information and results into account, it was
demonstrated that using track spinning to produce Coll fibers, followed by the optimized
protocol for the attachment, as well as crosslinking the PEO-Coll fibers with UV-C are
suitable methods to produce stable and reproducible HA-Coll scaffolds.

A collagenase assay was performed to show that the surface-bound Coll fibers were
indeed collagen, and not an artifact of the track spinning process (Figure 23). In this assay,
collagenase IV, a protease that is known to cleave the peptide bonds present between
neutral amino acids (X) and glycine in the Pro-X-Gly-Pro sequence of Coll [147], was
used. To activate enzyme activity HBSS was used, a solution that provides the required
inorganic salts (Ca** and Mg*") for collagenase [148]. Moreover, collagenase IV is able to
cleave collagen in both monomeric and in the triple-helical form [149]. Collagenase IV has
a critical role in numerous physiological processes, such as ECM degradation and
remodeling, and wound healing [150]. The rapid degradation of the Coll fibers after
incubation with collagenase helps to demonstrate the collagen bioavailability and suggests
that cells will have the capacity to remodel the Coll fibers.

To be used in regenerating the TM, a tissue substitute needs to have proper
mechanical strength to be handled during surgery. Thus, the tensile properties of the HA-
Coll scaffolds were evaluated. The three main properties that were analyzed were tensile
strength, ultimate strain, and elastic modulus. The tensile strength is the maximum
engineering stress the material can withstand before breaking. The ultimate strain is the
strain at which the material breaks and it describes the ductility of the film. Finally, the

elastic modulus describes the slope of the stress-strain curve in the elastic regime,
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representing the stiffness of the material [143]. The films had higher tensile strength and
elastic modulus in the dry state than in the wet state as determined by the slopes of the
stress-strain curves (Figure 24 and Figure 25). The curves show that the wet samples have
lost its stiffness even with 100 layers of Coll fibers present, which is why the elastic
modulus will no further be evaluated for this condition. Furthermore, films in the wet state
had higher ultimate strain and, thus, higher ductility than in the dry state. In general, all the
crosslinked films displayed plastic behavior. In other words, the films have the ability to
plastically deform without fracturing when placed under a tensile stress that exceeds the
yield strength. Ductile behavior not only ensures the materials can be handled by a surgeon,
but also makes it more suitable and able to conform to living tissues [106]. It should be
mentioned that HA alone has a gel-like behavior meaning that in mechanical testing it
would not show proper plasticity due to a continuous decrease in stress instead of an
increase. Therefore, crosslinking of HA was required.

Several studies have characterized the elastic modulus of the human TM, and the
results range from 2 MPa to 70 MPa [151]-[154]. This large range may be due in part to
the variation in thickness of the TM, but there are likely other major differences in the
samples from which these values were measured (e.g., age and gender of the cadaver
providing the TM). The elastic modulus of the crosslinked HA films ranged from
4.18 + 0.30 MPa (lowest value wet state) to 284.20 + 103.25 MPa (highest value dry state),
which falls within the range of the native human TM. In Figure 25, it is evident that the
presence of Coll fibers led to an increase in the elastic modulus in the dry state, the tensile
strength in both the dry and wet states, and the ultimate strain in the wet state. However, in

the dry state, it should be noted that PEO was still present in the Coll fibers as the wash to
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remove them from the fibers had not been conducted yet. Thus, they likely contributed to
the mechanical properties of the material.

For analyzing the influence of Coll fiber density (Figure 26), only wet conditions
were tested. The values for tensile strength and ultimate strain approximated those
observed for human TM (ultimate Strain 20.00 +7.00 % [153] and tensile strength
7.70 £2.50 MPa [153]). Thus, in the wet state, Coll fibers do not improve the mechanical
properties by very much, but they do contribute to some of the mechanical performance of
the material within the ranges expected for a material for TM regeneration. In addition, I
noticed that the fibers helped to prevent curling of the films and also helped to maintain
their swollen state for longer, potentially because the Coll fibers also absorbed water and
provided additional structure to the film.

In summary, crosslinking HA imparted mechanical properties similar to a human
TM. Additionally, the material was suitable for surgical handling. Even though the
mechanical properties were mainly defined by the HA-PEGDE-ITA film, the adhesion of
Coll fibers have the potential to provide additional functionality to the film, i.e., cell
attachment and migration, as will be presented in the next chapter. Furthermore, it should
be mentioned that the thickness for stress calculation was based on the thickness
measurements of the film. The attached fibers will increase the thickness of the material
and, thus, might influence the mechanical properties. Therefore, a thickness measurement
of the HA-Coll scaffold should be carried out to determine the influence. A preliminary
measurement by 3D BioFibR™ Inc. suggests that, with the number of pulls conducted

here, the thickness won’t increase by more than 6pm.
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Chapter 6. In vitro Evaluation

As re-epithelialization is an important feature of TM healing after TMP, the next
step was to assess cell viability, cell morphology, and cell migration. The initial cell
viability analysis was conducted to determine if the HA-PEGDE-ITA film was
cytocompatible (i.e., not toxic to cells) using fibroblasts and keratinocytes. Secondly, a cell
morphology analysis was done using phalloidin to stain the cytoskeleton for visualization
of the attachment and alignment of keratinocytes on the Coll fibers on the HA-Coll
scaffold. Finally, cell migration analysis was conducted to see if keratinocytes were able
to migrate along the Coll fibers without the addition of chemokines (signaling proteins
secreted by cells that induce cell movement [155]). I decided to use these two types of cells
(fibroblasts and keratinocytes) because as stated in the first chapter, both cell types are
essential for ensuring a balanced wound-healing process [156]. Nonetheless, most of the
experiments were carried out using keratinocytes because progression of the keratinocyte
layer is the most important element in TMP closure [8]. Similar to when skin is injured,
keratinocytes become activated and migrate across the wound, and proliferate to fill the
defect [157]. Hence, it is more relevant to analyse the cell response of this type of cell with
the prepared scaffold.

6.1 Cell Lines and Cell Culture

An immortalized dermal fibroblast cell line (WS1; CRL-1502, ATCC) and a
keratinocyte cell line (N-TERT; 7614-1, Invitrogen®) were used in this work. I selected N-
TERT keratinocytes for examining the effectiveness of my scaffold in promoting cell
attachment and migration, which are desired features for a biomaterial for TMP repair. N-

TERT cells possess the major characteristics of primary human keratinocytes and have
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superior qualities over the most widely used keratinocyte cell lines (e.g., HEK001) with

regard to epidermal differentiation and the formation of a stratified epithelium [158].

6.1.1 Materials and Methods

HA-PEGDE-ITA films and HA-Coll scaffolds with three different fiber densities
(25, 50 and 100 pulls) were used to assess the response of N-TERT cells relative to films
without Coll fibers, whereas as films without fibers were used to assess baseline cell
attachment and cytotoxicity using WSI1 cells. The HA-PEGDE-ITA films and HA-Coll
scaffolds were cut into 6 mm disks using a biopsy punch and placed within cell culture
well plates. Cells were cultured and maintained in a humidified incubator at 37 °C with 5%
CO; and used before 20 passages. The WSI cell line was cultured in Eagle’s Minimum
Essential Medium (Corning) supplemented with heat inactivated 10% fetal bovine serum
(Avantor® USA) and 1% antibiotic-antimycotic solution (Corning). The N-TERT cell line
was cultured in Keratinocyte-Serum Free Medium (Gibco™- BRL 1725-018)
supplemented with 25 pg/ml bovine pituitary extract (BPE; Gibco™), 0.4 nM CaCl,, and
0.4 ng/ml epidermal growth factor (EGF; Gibco™) [159]. Before cell culture, the HA-Coll
scaffolds were first incubated in 1x Dulbecco’s phosphate buffered saline (D-PBS, VWR,
USA) for 1 h to remove the PEO from the Coll fibers. The D-PBS was then removed.

For sterilization of the HA-Coll scaffolds, heat treatments were avoided to prevent
degradation of the material, and immersion in 70% ethanol was avoided to shorten the
preparation time (if ethanol was used, extra washes were needed to remove all the possible
ethanol retained in the HA-PEGDE-ITA film). Therefore, UV-C treatment was used again,
but this time it was important for sterilization in addition to crosslinking of the Coll

fibers [145]. The HA-Coll scaffolds were irradiated in the UV-C Crosslinker (Geneq inc.)

72



for ~30 sec to a fixed energy of 200 mJ/cm?. Once the scaffolds were sterilized, they were
immersed overnight in cell culture media and placed in the incubator at 37°C for one day
before the cells were seeded. Tissue culture plastic (TCP) and HA-PEGDE-ITA films
without fibers were used as controls and were prepared in the same manner.

The N-TERT cells were sub-cultured per Invitrogen® instructions. Briefly, the cells
were washed with D-PBS, then trypsin-EDTA (0.05% Trypsin/0.53 nM EDTA; Corning)
was added to the cell culture dish. The cell culture dish was placed in the incubator for ~5
mins to activate the trypsin. The cell culture dishes were then gently tapped to detach any
remaining adherent cells. Approximately 2.0 - 3.0 ml of Dulbecco’s modified eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic
solution was added to the cell suspension to deactivate the trypsin. The cell suspension was
centrifuged at 4 °C for 7 min at 13 rcf and the supernatant was removed. The cell
suspension was re-suspended in fresh cell culture medium and either replated to continue
to grow the cells or used for experiments. When used in experiments, the cells were seeded

on top of the HA-Coll scaffolds.
6.2 Cell Viability: Live/dead analysis

6.2.1 Materials and Methods

Calcein AM (C-AM 2 uM; Biotium, USA) and propidium (PI, 3 pM; Sigma-
Aldrich) dyes were used to label live and dead cells, respectively. C-AM itself is not a
fluorescent molecule, but the calcein generated from C-AM by esterase activity in viable
cells emits a strong green fluorescence signal at 530 nm upon excitation with blue
light [160]. Hence, C-AM exclusively stains viable cells. On the other hand, PI is a red-

fluorescent dye which is not able to pass through a viable cell membrane. PI labeling only
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occurs for cells with compromised plasma membranes and when PI reaches the nucleus
where it intercalates with the DNA [161]. After 1 and 3 days of cell culture, the cell culture
medium was removed and replaced with fresh cell culture medium containing C-AM and
PI. The cells were then returned to the incubator for 20 min before epifluorescence images
were captured using the Nikon Eclipse Ti microscope.
6.2.2 Results

Cell viability was evaluated at day 1 and day 3 for WS1 cells cultured on tissue
culture plastic (TCP) control substrates and HA-PEGDE-ITA films (Figure 27). For WS1
cells, the cell viability was comparable between cells cultured on TCP and cells cultured
on the crosslinked HA film by the live/dead analysis. As shown in Figure 27, cells were
more than 90% viable in both conditions based on a qualitative assessment due to the few
numbers of cells that were stained with PI.

WS1 Day 1 WS1 Day 3

Tissue Culture Plastic

HA-PEGDE-ITA film

Calcein-AM/ PI

Figure 27: Viability of fibroblasts (WS1). Fluorescence micrographs showing
live (green) and dead (red) WS cells at day 1 and day 3 of culture on TCP and on HA-
PEGDE-ITA films
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Cell viability analysis was also performed using N-TERT cells for the HA-Coll
scaffolds with different fiber densities (25, 50 and 100 pulls), HA-PEGDE-ITA films, and
TCP. The last two substrates were controls to compare if the viability was changing with
the adhesion of fibers. For this experiment, evaluation was done only at day 3 since the
previous experiment showed that fibroblasts were alive at day 1. Figure 28 shows that again
more than 90% of the cells were viable for all conditions based on a qualitative assessment
due to the few numbers of cells that were stained with PI. As expected, the films containing
the Coll fibers supported cell attachment and a homogeneous distribution of cells.
Additionally, there are fewer dead cells present (red fluorescence) in HA-Coll scaffolds
with fiber densities of 25 and 100 pulls. These results suggest that HA-Coll scaffolds do
not present cytotoxicity and that apparently there is a lower percentage of dead cells in

those compared to the controls, which could be due to the improved cell attachment.
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Tissue Culture Plastic HA-PEGDE-ITA without fibers _u

HA-PEGDE-ITA + 25 pulls HA-PEGDE-ITA + 50 pulls
Calcein-AM/ PI Day 3

HA-PEGDE-ITA + 100 pulls

Figure 28: Viability of keratinocytes (N-TERT). Fluorescence micrographs
showing live (green) and dead (red) N-TERT cells at day 3 of culture on TCP and on
HA-PEGDE-ITA films as controls, and on HA-Coll scaffolds with different fiber
densities (25, 50 and 100 pulls).
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6.3 Cell Morphology: Phalloidin Analysis

6.3.1 Materials and Methods

Attachment, alignment, and elongation of the cells was monitored by brightfield
and epifluorescence microscopy using a Nikon Eclipse Ti microscope. N-TERT cells were
seeded at a density of 3 x 10* cells/well in a 48 well-plate. For detailed analysis of cell
cytoskeleton organization in N-TERT cells, they were fixed with 4% paraformaldehyde
(PFA; Sigma-Aldrich) for 15 min, washed with D-PBS, and permeabilized using 0.25%
Triton™ X- 100 (Sigma-Aldrich) for 10 min. Cells were then washed with D-PBS and Atto
488-phalloidin (0.02 nM in PBS; Sigma-Aldrich) was added and incubated in the dark at 4
°C overnight. The phalloidin stain was then removed and samples were washed with D-
PBS. Phalloidin is a highly selective bicyclic peptide used for staining F-actin (i.e., actin
filaments) in tissues and cell cultures. It binds to all variants of F-actin in many different
species of plants and animals [162]. To detect signal from the Atto 488 fluorophore, 480-
515 nm excitation was used.

After the addition of phalloidin, Hoechst 33342 (2 uM in D-PBS; Sigma-Aldrich),
a cell-permeable stain that binds to DNA and is used for staining nuclei [163], was added
for 15 min as a counterstain. Finally, samples were washed with D-PBS and images were
acquired by epifluorescence microscopy. The images were processed using Fiji-Imagel
software to merge the channels of the different stains into one image for visualization.
6.3.2 Results

Cells were randomly distributed when cultured on TCP and HA-PEGDE-ITA films
and exhibited a cobblestone morphology with randomly oriented actin filaments. On the

other hand, N-TERT cells cultured on HA-Coll scaffolds readily aligned along the surface-
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anchored Coll fibers, exhibiting an elongated and aligned morphology that followed the
principal direction of the fibers. In addition, aligned actin filaments were observed parallel
to the axis of cell elongation. The alignment was maintained over the course of 3 days in
culture (Figure 29), which was the duration of the experiment.

The control (TCP) and HA-PEGDE-ITA substrates had less cell attachment than
scaffolds with higher fiber density (50 and 100 pulls), which by day 3 were completely
covered with cells. However, it was still possible to observe that the cells preferred to attach
to the Coll fibers (in Figure 29 with a fiber density of 50 pulls a little square is visible that
was not covered with cells and was a spot where no Coll fibers were present). Moreover,
the scaffold with 25 pulls provided a clear view of how the cells elongated along the fibers,
and how the cells preferred to attach to the Coll fibers rather than to the HA-PEGDE-ITA
film. The alignment of N-TERT cells on the HA-Coll scaffolds was also clearly shown in

brightfield images, in which both fibers and cells were visible.
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HA-PEGDE-ITA Film +25 pulls Tissue Culture Plastic

'

HA-PEGDE-ITA Film without fibers  mummmsmn [ HA-PEGDE-ITA Film +25 pulls

HA-PEGDE-ITA Film +50 pulls  meiaeiiien [ HA-PEGDE-ITA Film +100 pulls
Phalloidin/ Hoechst Day 3

Figure 29: Cell attachment and morphology. Bright field image of HA-Coll
scaffolds and fluorescence micrographs of N-TERT cells growing on the various film
conditions; TCP, HA-PEGDE-ITA film, and HA-Coll scaffolds with different fiber
densities (25, 50 and 100 layers/pulls of Coll). Cytoskeleton (phalloidin) and nuclei
(Hoechst) staining reveled that N-TERT cells were aligned in the direction of the fibers
after day 3 when seeded on HA-Coll scaffolds. Cells cultured on TCP and on HA-
PEGDE-ITA films were randomly oriented and displayed cobblestone morphologies.
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6.4 Time Lapse Recording of Cell Migration

6.4.1 Materials and Methods

Cell migration on HA-Coll scaffold with a fiber density of 50 pulls aligned in only
one direction was monitored by brightfield microscopy using an EVOS™ FL Auto 2
Imaging system (ThermoFisher Scientific). N-TERT cells were seeded at a density of 3 X
10* cells/well in a 48 well-plate. For the migration analysis, I decided to do time-lapse live-
cell imaging of the cells that were seeded on the scaffold. To maintain the cells under
physiological conditions (i.e., at 37 °C, 5% COz) during the recording, an EVOS™ Onstage
Incubator (ThermoFisher Scientific) was used. The system was programmed to take a scan
every 15 min for 24 h in a specific area of the HA-Coll scaffold. The selected area was a
spot where the Coll fibers were visible as well as the seeded cells. Obtained images were

then converted into video files using Fiji-ImageJ software.

6.4.2 Results

Figure 30 shows images for the migration analysis of N-TERT cells on the HA-
Coll scaffold. Over 24 h, the cells migrated along the Coll fibers without the addition of
chemokines. As the cells attached to the fibers, their morphology changed from a
cobblestone morphology to an elongated (migratory) morphology. Cell migration did not
occur in a specific direction, however, as the cell starting positions were random with
respect to the surface of the material. Nonetheless, these data demonstrate that Coll fibers

support the migration of keratinocytes.
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Figure 30: Cell migration analysis. Bright field images taken with the EVOS™
Imaging System every 15 min for 24 h. The N-TERT cells seeded on top of the HA-Coll
scaffold attached to the Coll fibers and migrated along them. Yellow and purple circles
indicate the migration of two specific cells over 24 h.

6.5 Discussion

Chemical crosslinking of HA using PEGDE and ITA as crosslinkers did not lead to
cytotoxicity, which is consistent previous published studies [164]. For reference, BDDE-
crosslinked HA has been reported to induce alterations in cell morphology and lead to
decreased cell viability of mouse fibroblasts at concentrations of 0.5 mg/ml [165]. For this
reason, cell viability of the fibroblast (WS1) was analyzed first to obtain preliminary data
about the cytocompatibility of the HA-PEGDE-ITA films (Figure 27). The results of the
experiments showed that the crosslinked HA film was not toxic to cells, which is in
agreement with previous studies that used similar chemical crosslinking strategies for

HA [89]. Next, I analyzed the viability of N-TERT cells to determine if there were any

toxic effects on keratinocytes, and also to visualize if the addition of Coll fibers had any
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effect on the viability of the cells (Figure 28). The HA-Coll scaffold was non-toxic to
keratinocytes. Furthermore, there was an increase in cell attachment in the conditions with
Coll fibers, which was expected because Coll was added to improve the bioactivity of the
HA film [70]. Additionally, there were fewer dead cells visible on the films with Coll
fibers, which was likely the result of improved cell attachment as keratinocytes are
adherent cells that require stable attachment to maintain their viability and to
proliferate [166] .

Cell morphology analysis was carried out by staining the actin filaments (Figure
29). Actin is the major cytoskeletal protein of most cells, and it polymerizes to form actin
filaments (also called microfilaments), which are thin and flexible fibers within the cell.
These filaments are especially abundant beneath the plasma membrane of cells, where they
form a network that gives mechanical support, determines cell shape, and allows movement
of the cell surface, thereby enabling cells to migrate [167]. Moreover, actin filaments also
interact with the ECM via focal adhesions, mediating cell adhesion [168]. N-TERT cells
seeded on the HA-Coll scaffolds exhibited an elongated and aligned morphology following
the pattern of the Coll fibers. In conjunction with my observations, it has been
demonstrated that the structural properties of the fibers can modulate cell migration,
morphology and cytoskeleton organization [169]-[171]. For the case of cell attachment,
having the Coll fibers improved the adhesion of cells on the HA-PEGDE-ITA films.
Furthermore, increasing fiber density to up to 100 pulls led to a further improvement in
cell attachment. Both improvements are due to the interaction of Coll with cell surface

receptors (e.g., integrins) [70].
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Moving forward with the in vitro analysis, cell migration analysis was done to
further analyze the movement of the N-TERT cells on the HA-Coll scaffolds. Cell
migration is an intricate, not yet fully understood process that is directed by the interaction
of several signal transduction pathways initiated by diverse ligands (e.g., ECM
components, chemokines, growth factors) and receptors (e.g., receptor tyrosine kinases,
mannose receptor family, chemokine receptors, integrins), an interplay that eventually
causes the reorganization of the actin cytoskeleton concomitant with reassembly of focal
adhesion complexes and integrin-mediated signaling [172]. The migration of a single cell
or a group of cells is observed as a cyclic process, which involves the polarization of cells in
response to migratory signals, the extension of filopodial or lamellipodial protrusions, the
formation of adhesions between the cell and the ECM, and movement of the cells over the
adhesions through traction forces [173]. For the stated application of TMP repair, it was
important that the material was able to promote cell migration to close the perforation and
allow the TM to heal [8]. The results from the live-cell recording (Figure 30) demonstrated
that seeded cells first attached to the Coll fibers on the films and then migrated along the
fibers. With this experiment it was possible to visualize the cyclic process of migration
(i.e., polarization of cells, extension of filopodial protrusions, etc.). This outcome shows

that the HA-Coll scaffolds have great potential to be used for TMP repair.
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Chapter 7. Conclusions and Future Directions

In this thesis, a novel scaffold comprising a crosslinked HA film with attached Coll
fibers was developed for TMP repair. It was shown that crosslinking HA with PEGDE and
ITA produces a film that undergoes an acceptable amount of swelling and that slows its
degradation time when immersed in PBS or antibiotic droplets at 37°C. Combining spin
coating and solution casting produced a film of a defined thickness in the range of the
native TM. Moreover, the crosslinked HA film functionalized with Coll fibers provided
topographical and biochemical cues to cells. Track spinning was used to automate the
contact drawing approach for production of the Coll fibers. It was shown that the tensile
properties of the HA-Coll scaffold with 100 fiber layers approximated those of the native
human tympanic membrane and was adequate for surgical handling in its wet state. The in
vitro validation further demonstrated that dermal fibroblast and keratinocytes attached on
the scaffold with no apparent cytotoxicity. Additionally, it was observed that fibers in the
scaffold promoted cell attachment and migration of human keratinocytes. In summary, the
objectives described at the beginning of this thesis were achieved.

There are, however, some minor limitations with the HA-Coll fiber scaffold that
need to be addressed. During the production of the crosslinked HA films, it was observed
that they can sometimes contain air bubbles. Those air bubbles act as imperfections in the
film that can form weak points when the material is subject to mechanical loading. Thus,
additional steps to remove the air bubbles should be considered during the fabrication
process. A possible way to address this issue could be to increase the time the solution
remains in the degassing chamber with the vacuum connected. Furthermore, crosslinking

was only evaluated based on the FTIR spectra obtained for unmodified HA and HA-
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PEGDE-ITA and the visible stretching representing the bonds. The degree of crosslinking
could be quantified using NMR spectroscopy. Additionally, stress calculation within the
mechanical testing was based on the average thickness of the HA-PEGDE-ITA film.
Profilometry should be conducted again for the HA-Coll scaffold to obtain the thickness
increase by the fibers and include them into the calculations. However, the results are not
expected to be affected by much since preliminary measurements by 3D BioFibR™ Inc.
suggest that, with the number of pulls conducted within this thesis, the thickness won’t
increase by more than 6 um. Lastly, the cell studies within this thesis were carried out for
up to three days as the main goal was to demonstrate attachment and migration of cells. To
be able to safely move onto further studies using in vivo models, a longer in vitro study of
up to fourteen days is needed since this is the average time it would normally take for a
wound to heal [50].

Additionally, future work could focus on the alignment of the Coll fibers on the
crosslinked HA film. Here, an idea could be to align the fibers in a radial structure, which
would mimic the anatomy of the human TM where web-like radial and concentric
architecture can be seen (as shown in Figure 1). Following this structure, a connection of
all fibers to the center could be ensured, which could further guide and improve cell
migration and proliferation. Also, hemocompatibility analysis needs to be carried out. This
study helps to examine how the scaffold reacts when it is in contact with blood. Some
examples of analysis could be hemolysis and blood coagulation time. Once this is
accomplished, moving to in vivo analysis using animal models (e.g. chinchilla) can be
done. Furthermore, acoustic performance could be analyzed, which is relevant since the

TM is involved in sound conduction (as was presented in chapter 1.2). A possible analysis
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for this could be to examine sound transmission loss of the scaffold at various
frequencies [174]. Lastly, the material has the potential to not only be used for TMP repair,
but also for other tissue regeneration applications, e.g., in nervous tissue.

To conclude this thesis, a first demonstration of the HA-Coll scaffold in a human
TM with a perforation has been conducted using a cadaver. Here, a perforation was made
in the TM of a human cadaver and the HA-Coll scaffold was successfully attached to the
perforation by cutting the necessary size and placing it with tweezers into the ear canal
(pressing the scaffold against the TM in a delicate way). Optical coherence tomography

(OCT) as well as light microscopy images have been taken, as shown in Figure 31.

HA-Coll scaffold

Human TM TM with Perforation

Figure 31: Demonstration of the HA-Coll scaffold in a human cadaver TMP
model. Top: OCT images, bottom: Light microscopy images. The red lined circle
indicates the location of the TMP and the yellow arrow points to the placement of the
HA-Coll scaffold. The perforation in this cadaver was created using surgical tools.

The OCT images demonstrate that the HA-Coll scaffold is transparent enough for
examination of the middle ear. This outcome is relevant since members of Dr. Robert
Adamson’s lab, who are working on TM imaging, pointed out that the commonly used

tissue to repair TMP (cartilage) does not make it possible to examine the middle ear
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because the material is opaque. On the other hand, the light microscopy images show that
due to the blue colour of the film, the surgeon is still able to clearly distinguish between
the ear and the scaffold, which is helpful to be sure that the scaffold is placed in the correct
spot. Furthermore, this first surgical handling has demonstrated that the material was not
complicated to work with in the reduced space of the ear canal. Overall, this demonstration
highlights the key functions of the material for TMP repair and suggests that further

development and testing are warranted.
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